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ABSTRACT 


The  calcium  content  of  epidermal  cell  walls  and  root 
-hair  walls  of  Sinapis  alba  and  Zea  mays  was  studied  by  the 
radioautographic  technique.  Radioautographs  prepared  from 
strips  of  epidermis  and  root  cross  sections  previously 
treated  with  Ca*^^  show  that  calcium  is  incorporated  into 
the  outer  layer  (pectic  layer)  of  the  outer  epidemal  cell 
wall  and  root-hair  wall  and  in  the  pectic  substances 
cementing  the  cells  together.  In  mustard  roots,  treated 
with  Ca^^  by  the  moist-air  method,  the  walls  and  cytoplasm 
of  the  short  epidermal  cells  are  more  radioactive  than  the 
walls  and  cytoplasm  of  the  long  epidermal  cells.  Calcifi¬ 
cation  of  the  cell  walls  of  a  short  epidermal  cell  (hair 
-forming  cell)  in  mustard,  begins  with  the  inner  tangential 
wall  directly  in  line  with  the  accumulation  of  Ca^^  in  the 
intercellular  spaces.  From  the  inner  tangential  wall, 
calcification  progresses  along  the  radial  walls  and  then 
along  the  transverse  end  walls.  After  calcification  along 
the  transverse  end  walls  reaches  the  outer  tangential  wall, 
it  continues  apically  over  the  epidermal  cell  wall  immediately 
below  more  rapidly  than  it  does  basally  over  the  cell  wall 
above . 

Trichoblasts  or  hair-forming  cells  form  their  papillae 
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at  a  very  early  stage  in  the  calcification  process  of  the 
outer  tangential  wall.  Whether  a  hair  forms  or  not,  the 
calcification  of  the  outer  tangential  wall  continues  from 
both  ends,  but  more  rapidly  along  the  basal  end  than  along 
the  apical  end.  When  a  hair  is  formed  from  a  hair-forming 
cell,  the  calcification  process  is  very  similar  to  that 
described  above  for  the  calcification  of  the  outer  tan¬ 
gential  wall  except  that  when  calcification  reaches  the 
base  of  the  hair,  it  continues  along  the  epidermal  cell  to 
the  adjacent  hair  walls  and  then  along  the  walls  of  the  hair 
to  the  growing  hair  tip.  The  basal  convex  wall  of  a  young 
root  hair  is  more  strongly  calcified  than  the  concave  wall 
of  the  same  hair.  In  a  fully  grown  hair,  the  amount  of 
calcium  along  the  wall  gradually  diminishes  from  the  more 
strongly  calcified  base  to  the  only  slightly  calcified  apex, 
with  virtually  no  calcification  over  the  root-hair  dome. 

Roots  grown  in  saturated  CaS04  solutions  of  high 
concentrations  of  disodium  versenate,  low  pH,  or  medium 
concentrations  of  boric  acid  showed  signs  of  calcium  de¬ 
ficiency.  Roots  grown  in  saturated  CaS04  solutions  of  low 
concentrations  of  disodium  versenate,  moderately  high  pH, 
and  no  boric  acid,  showed  signs  of  over  calcification. 

Roots  grown  in  contact  with  Ca"^^  and  the  labelled 
areas  assayed  by  a  Geiger  Mueller  counter  show  that  radio¬ 
activity  increases  from  a  minimum  in  the  root  cap  to  a 
maximum  in  the  mature  region. 


11 


eiU  noiieoi?  srij' ni  spess  ® 

5  ,:ion  Tc  amro:}  ^  :tefl)f«riW  .IXbw  lAx:Jfi9pna:> 

LTO-iJ  a'^wniinoo  IXfew  laiias-gcrjid  'xe^t/o  r.oi^ftoi^loXao 

pfToXa  nerfrf  i»i<9  Toaad  pnol**  V-^&xqa^t  etom  dud  ,abna  rfdod 
pffiirb'cii--TX‘:/  £  badtia^t  sx  xiferi  6  narfW  .5na  Xaoiqa  artd*|‘ 

dfirfd  Oy  "^.^lunia  si  asenoiq  noXdftoii^xdlaG  arid 

-nVd  ^Iduo  add  io  nox.d£Oiaxt»X.60  arid  do5  avods*  bedxttoaab^ 

v  '  >*•  '••  *?  •*■.-:•  ^  .  ’  ~ 

3rii  noxdBOxiX^Xft^  dfirid  dqaoxo  IXaw  Xsidoa^* 

0-4  iXsn  XB^rI^fJiq's’‘^^(^’,ptloX6■a^IJ^id■^l(io  4i  ,qx«ii  »ri4  io  *80x1 

iit,f(  srti  io  Blikw  ori4  pnols  aarfi  SHs  aiTe#'  tisk  iitsoatt*® 

..  ,,.■  ^.'ir'!  =,•'  •;  vSi: 

pnuov  c  ici  IXsw  xavnoo  ljE.a*cl  artT  -qii  lifiri  pfliw<Mp  »rf4  03 

,1  ■ 

IlBv,  eveofTOO  erii  'nstlJ  bexiioisk  Y-I^rxjirqe  ©i.ofli  ax  tiftri  iooi 
do  dnuoros  arid  ^lir^rf  /iwoip  .xxfiri  sme  ©rid  do 

TV  '  *■  K'  ''  '*’  ^  '•  .  •  ■*-  '"  t 

"a-ioin  B:ii  moii  asrfSt i nxalb  vU'5‘'f>»^P  ®'‘^  ^noU  mwioXao 

,X£>.c  bdxdioX&o  od  9sed  b'sxdiaiao  yli^noTdE  . 

.  :  •  •  *  **.!  -  I  *'  ■'  -!?.  .  . 

.amcfo  TLXfixi-dooi  arid  isvo  noxdsoxdxoiso  oft  ^cLLlBu:i:tLy  ridXw 

*.^  .-  ,".  .>  -••  '  ■ 


-  '  ri'^Xri  do  anoiduXoe  ^08fi::>  badfi-iridfiB  nx  awodp  adodH 


'*'•! '  .*  « 


V  .- 


imibam  TO  ,Hq  wo£  ^aoBStsaiav  m/iboexb  io  BftoiiBi^nsonoo 

*  .4»(.  --  •'>  ,.■^ 

-&b  nttiioXfeo  do  an^ia  bsworia  fexoa  oxiod  do  aftoidsddfts'orij^o 

p  ^  ^.. .  » '  j  ■’ 


a 


'*w^  io  anoiJBioB  'l-oa-BD  baiaxi/iBB  nX  nwoTp  eiOc«  '  .YOrteloxi 
,Hq  rfpxri  \*Iad£:t©bo/n  'Udirjaa-xsv  fwxboaib  do  enoidcidneonpo 

-i,  j  *  r-'  ?*  ^ 

.aoidsoxdiofeo  do  snpxe.  bewnffa  vbxDs  ol-iod  on  bna 

bsXXsdBl  Brio  bns  ^'sOt,  riixw  iOBirioo  ni,  nwOXB  sioofl' 

'*-'■  '- .  ..--i  X  ■'  'X' . 

-oXbA*!  dfirfd  woria  isdnuoo  xaIXauM  liipxoO  £  ^  bbsib 

^  ^  .  .  'i  ’ 

|.  8  *•  *  8  »  I 

B  od  qfio  dooi  ©rid  nx  fuumiffxfii  is^iroid  aaasactonx 

'  rrr4.R0»T,  ©rfd  fti  oor^xBrn 


ACKNOWLEDGEMENTS 


I  am  greatly  indebted  to  Dr.  R.G.H.  Cormack  for 
arousing  my  interest  in  this  field  by  the  work  that  I  was 
able  to  do  for  him  as  research  assistant.  More  recently, 

I  am  indebted  to  him  for  his  guidance  and  encouragement 
throughout  the  course  of  this  investigation  and  also  for 
his  most  generous  help  in  preparing  this  thesis. 

Dr.  G.A.  Maclachlan  must  be  thanked  for  instruction 
on  the  radioautographic  technique. 

I  would  like  to  thank  Dr.  E.A.  Cossins  for  the 
generous  use  of  his  radioactive  testing  equipment  and  the 
interest  that  he  has  taken  in  this  investigation. 

The  time  spent  by  Miss  Merle  Whyte  in  typing  this 
thesis  is  greatly  appreciated.  The  author  is  also  grateful 
to  Mr.  Norbert  Eitner  for  translating  the  German  papers. 

I  am  especially  thankful  to  my  wife,  Myrna,  for  the 
help  and  encouragement  she  has  given  me  during  this  investi¬ 
gation. 

Financial  assistance  for  this  work  was  obtained  by 
a  grant  to  Dr.  R.G.H.  Cormack  from  the  National  Research 
Council  of  Canada,  Ottawa,  Canada. 


Ill 


>  'i 


^T4sm  DdaawoMxoA 


•  ’  •V-  '  '•'  i 

t  f  •  'V  ^ 


toi  Hof.KnoO  .H.O.a  .xO  oi  baJdsbni  Y-l^so’e  ““  ^ 
eow  I  isrii  :(:£OW  ert^'Y"  JeeisJni  y«  pniawot*  . 

'  i>.  ic  r  ’  ■  .  ’ 

eioM  ,  :Jft<>aeiSa£  rt'>:xiisa9’5  a«  niri  :to5,ob  oi  aide 
jrt9iTi®rs3i/con9  bns  ©onabxt/^  sxri  xol  nixri  od  bs^d&bai  ivifi  I 

""  *  «  i. 

xoi  oe£r>  bae  noiztfti^xaatvni  aiiil  ®eiuoo  drii^  iuorf^i/o^rfa 
.eJtsdrid  siri-J  gxii-ifeqsiq  ni  qiorf  euQ%9nB^  :}aom  aid 

w 

noiJoa^iSani  ^oi  ad  daum  nsIdOBloeM  .A-.S  .iQ 

■  r'. 

.©ijpinfi39:t  3±rtq6'xpo:ti/BOXba:t  ari:t  rto 
9ri:t  ’iO'i.  ^al^aoO  .A. 3  .trQ  oi  »JliX  bifjow  I 

rn  .  ■•' 

»ri:^  bns  ^ftd/rsqxi/p9  pnx:t3©J’  svi^osoibfii  axxi  io  ©eo .  si/oxsnap 

.noi^fipiitBevixj:  exri^  ai  n©5(B:^  aed  ©d 

•  -* 

aiili  pra^Y^  «i  edYnW  gliaK  eaxM  y<|  dnaq*  aiaii  »rtT 

•j  - 


^  # 


•  I 

ulaiJEXp  oeXs  ai  lorWt/B.  ariT  .b&dexosiqqE  axaarid 

.e:i9qsq  ne/maO  arid  p/tidBlaneid  loi  uaodxa  dxad^oM  .iM  o3 
arid  xo3  .sriYM  .a^iw  Ydi  od  luijfrsria  Y-Ii^iaaqaa  me  I 

:h  r  ^ 

teevnx  «xd;J  pniiub  om  nevip  ©fed  ©ds  :tA9fn©p6ixJoort9  brtfi  qisn 

^  ‘  ^  •  .  ...i 


'j.m 


i  ■ 


3JS  ^ 

Ycl  b9:ii6:tdo  ebw  ^(iow  exd^  io*l  donsr^axaiaB,)  lBxoftfinx3 
doiBoeeH  iBnoi^sM  odd  moi^  MosonoD  ..la  od  dn&ip  6 

'■.  .„  ft-;?*  ,',,^V 

'  ^  .fibfinBD  ,sv;BddO  .fibonfiO  io  XxonuoD 


V 


TABLE  OF  CONTENTS 


Page 

INTRODUCTION  1 

LITERATURE  REVIEW  3 

I.  Theories  of  Epidermal  Cell  Wall  and 

Root-Hair  Wall  Stiffening  4 

A.  Cellulose  Controlling  Cell-Wall  Rigidity  4 

B.  "Pectin  Theory"  of  Wall  Stiffening  6 

II.  Translocation  of  Calcium  7 

MATERIALS  AND  METHODS  10 

Germination  of  Mustard  and  Corn  Seeds  10 

I.  Cell- Wall  Studies  11 

A.  The  Introduction  of  Radioactive  Calcium  11 

1.  Moist-Air  Method  11 

2.  Root-Tip  Immersion  11 

3.  The  Introduction  of  Calcium  Through 

the  Cotyledons  12 

(a)  Method  for  Mustard  (Ring  Method)  12 

(b)  Method  for  Corn  (Hole  Bored  Into 

the  Endosperm)  13 


IV 


STWaTHOO  *10  3JaAT 


•f 

c 


r 


d 


4^  •  i 


*■  ■A.” 


*  I 


WOITDUaOHTWI 


••  •' 


,  I ,  •  .T  ,  v  •« 


‘  waivaH  a«uTAHaTiJ 

1-  v-  .  ■^J 


1 1 . 


I  J 
•  # 

■’..V 


*  f^nfc  XIbW  1X93  iBitnsbiqa  io  8si:io»rfT 


"i 


w  ’  pAina^t^i^S  IIbW  -aifiK-ioofl 

V»  ‘  ‘VI”  *■’’*. 

Y;tji3ipifl  i?niIIoTifio3  oeoXi/ilsO  .A 

paj:nel^i:>2  IIsW  *’Y^09rfT  ni:tD9<3”  .  .Q 

fJtt/xolBO  5o  nol^BpoIenBiT 


■’Vvi 

% 


.11 


01 

QI 

li 

II 

II 

II 


SI 

SI 


fi 


r^Kj*.  .»  . 

V,*** 


L  ■ 


viv* 


aaCHTSM  OWA  aJAIHSTAM 


”4 


eh©si2  rcTfoO  fcne  bijB^euM  3o  flox:tBnion»3 


fc' 


^  '  V 


»■ 


\n> 

t  ..V. 


ti^lbu^Z  X£bW~II9D  •! 

V 

aiux^IbO  9vi:toBoxt)6H  Aoizfoirbo'i^Al  eriT  .A 

*  <  I 

^  :ixA-:t2ioJM 

“■■  -q 

.  ncceiBifflJrl  qiT-:^b6XI  .S  ^  . 

» 

ii'QSjQ^dV  muiol&O  io  nox:J9«box^flI  ^iiT  -€  -4. 


anobelYio^ 

♦bori:t9M  pcrl«)  faiBjaiiM-  xol  bofl^eM  ^  («) 
oini  boxofi  oXoH)  axoO  ;so^*  (d).  ^ 


‘’S  . 


£I 


(oTisqeobfla  f  9il:t . 


Page 


MATERIALS  AND  METHODS  (continued) 

B.  Radioautographic  Procedure  of  Examining 

the  Introduced  Radioactive  Calcium  16 

1.  Microtome  Method  16 

2.  Stripping  Method  17 

C.  Steps  in  Slide  Preparation  17 

1.  Adhering  Material  to  Slides  17 

(a)  Microtome  Method  17 

(b)  Stripping  Method  18 

D.  Coating  of  Slides  with  Emulsion,  and 

Exposure  18 

E.  Developing  Emulsion-Coated  Slides  18 

F.  Photoradioautographs  19 

G.  Non-Radioactive  Calcium  Culture  Solutions  19 

1.  EDTA  Solutions  19 

2.  Solutions  of  Different  pH 

Concentrations  20 

3.  Boric  Acid  Solutions  20 

II.  Translocation  and  Distribution  Studies 

Using  Ca''^  20 

A.  Radioautographic  Technique  20 

B.  Quantitative  Test  for  Calcium  Distribution 

by  Means  of  a  Geiger  Counter  20 


V 


dX 

dl 

Vi 

VI 

VI 

81 


81 
81 
81 
.r  ex 
81 


os 

OS 


OS 

OS 


OS 


(baaoianoo)  EaOHTSM  GMA  8IAiaOTAM 


I  i 


p/ixaimfixa  io  9:iub9;;Oi*q  oldqfi^po^IlBoi^>6j|  .3 

nujxoXsD  9vx:tt3S0xb6H  bso^fco'S^rtl  afl:> 

borli+^'jM  amolO’XOxM  •'! 
faoriioM  pnxqqi.x^8  •S 
nox:tE.xsq9X^  ebxIS  ni  aqe^S  •D 

*  j 

Ssbxia  o:J  iBXXsiBM  pnx:t9rfbA  .1 
'  ,  •  boditsM  emoifo-xoxM  (b) 

bori:f9t^  pniqqxx:t8^  (d) 
briB  ,noieIuma  ri:?xW  asbiia  pnidfioO  -0 
*'*  '  9X(/apqx3 


-i  ■* 


aaoiSLfloB  stiudluD  muiolBO  9Vx:toBOxbs3-noM 
^  ‘  3  no  id  i/I  q8  ATOa  .1 

'••  r  .'1*  - 

Hq  insxa^ did  lo  8aoxduIo3  .S 
• '  ’  .*  enoxdBXinsDfloO 

f  . » ■ 

anoidJJloB  bioA  Dxxofl  .£ 


.a 

•  » 

.a 

-  ,J 

*  ii  , 

•  * 

1, 

-  .D 

Tf 

•  ,  •» 

f.  ■* 

L 

*• 

y,  ■ 

»  .f* 

irf 


K 


'•  ^-"1 


Bsxbuda  noidt/dxxdeia  bne  rtoldsooXanfixT  .II 


a 


pniaU 


'  ^  supinrioeT  oxxlqfiXpodyfioibfiH  .A 

noidudxidaxO  niux:^l60  'xo^  desT  dVxdfidxdciBi/O  .3 

'tt 

■  *x9ini/oD  fi  do  sneeM 


Page 


RESULTS  22 

I.  Cell-Wall  Studies  22 

A.  Radioactive  Calcium  22 

1.  Epidermal  Cell  Studies  23 

2.  Root-Hair  Studies  30 

II.  Translocation  and  Distribution  Studies  by  the 

Radioautographic  Technique  and  Culture  Solutions  35 

A.  Radioautographic  Technique  35 

B.  Non-Radioactive  Calcium  Culture  Solutions  48 

1.  Series  of  Disodium  Versenate  50 

2.  Series  of  pH  51 

3.  Series  of  Boric  Acid  55 

III.  Translocation  and  Distribution  Studies  Using 

the  Geiger  Mueller  Counter  59 

DISCUSSION 

I.  Epidermal  Cell-Wall  and  Root-Hair  Studies  68 

II.  Translocation  and  Distribution  Studies 

of  Calcium  73 

BIBLIOGRAPHY  77 


VI 


”-Tr 


.  \ 


-  „  r  f*  i 

£s: 

'  .  •‘' 

■\  *■  ■  "■*■•4  i 

s:<: 

ss 

ES 

•i  -W*  -1  ■ : 

0£ 

ee 

at 

Bh 

oe 

le 

62 


€6 


ed 


er 


TV 


u. 


2TJtJa3H 


eetbu^S  IlB^-XIdO  .1 
nuxoXsO  ?ivl^06oib6S  •A 
a9xfcLf:t8  IIsO  I&Jirxsfeiqa  .1 

'  gi3X£>£/:J8 


*'•-1 


,II 


arii  Yd  noxiudi:x:r8i:<I  b/ifi  rtoi^sooXaflftjxT 

^ _ 

8noi3Jl62  9:iu3iu3  bnfi  sxjpinrfoaT,  Oiflq*^poJoeoibe« 

eopxiirfosT  oj;rfqBiSO:>OflOib6H  .A 

anoisuloa  910JXUO  jm/ioIeO  svlioBoibeH-noM  .a 
oisnsBisV  molboaia  esi^aa  .X 

Hq  5o  391X92  ;S  . 

.  K 

bioA  oxxoa  io  39XX98  .6^ 


pnxaU  E9ibud2  noidudXxdexQ  bne  noidfiOoXenfixT  .III 


leXrruoO  xsXXsiiM  xo^xsO  ©rfd 


WOI22UDaia 

eeibuia  xxfiH-iooH  bns  IlcW-IIeO' Xiaimabxqa  .1 

^  •-  w 

89ibi;i8  no'xXudixdaia  bfis  noidsooXsnftxT  .XI 

V  X  ^  « 

muxoIsO  !to 

|pr- 

YH<IAHDOiaaia 


/Jr 


..V  j»'r  • 


ad 


>  iilLI 


r«w 


iv 


V. 


ia 


LIST  OF  FIGURES 


Figure  Page 

1  Diagram  of  the  apparatus  used  in  the  root 

-tip  immersion  method  of  introducing 
calcium^^  14 

2  Diagram  of  the  apparatus  used  in  the  ring 

method  of  introducing  Calcium'^  ^  14 

3  Diagram  of  a  corn  root  grown  on  a 
moistened  filter  paper  (Ca‘^^Cl2)  in  a 

petri  dish  15 

4  Diagram  of  an  epidermal  cell  and  its  root 

hair  with  the  surrounding  cells  in  three 
dimensional  view  24 

5-7  Photoradioautographs  of  epidermal  strips 

with  a  papilla  or  root  hair  from  a  mustard 
root  grown  in  moist  air  27 

8-9  Photoradioautographs  of  transverse  sections 

of  a  corn  root  29 

10-11  Photoradioautographs  of  transverse  sections 

of  a  mustard  root  31 

12-13  Photoradioautographs  of  epidermal  strips 

of  mustard  roots  showing  calcification 
of  the  root  hairs  33 


Vll 


- 


BSWUOI'i  'lO  T2IJ 


e^iupll 


1 

i 


A 


m 


M 


M 


21 


f 


es 


I£ 


ee 


:tooi  9rf:t  ni  banu  aaiB-xaqqfi  eri^  mA-tymid 
' '"^nJ  pnxoabo'x:^ni  io  boeUain  nole'tamml  qi:t“* 

v* 

pnxi  9ri:^  ni  bazu  au:)B:i£qq£>  rnexpcia 

,  ^♦‘nit/ioXftO  9ni:3uboi:fni  borlisiu 

i 

B  no  fiwoip  ^OOT  nioo  b  lo  mBipsia 
6  «x  (sIO^^bD)  “seqBq  b9n3:iaiopi 

risib  ixisq 

•I.* 

:fooz  a^x  bnB  IIos  iGunsbiq®  hb  niBxpBxa 
99xrfi  ni  allao  pnlbnuorzjifs  9/1:^  riilw  tiifiri 

W9iv  iBnoiaasialb 

eqi:t^8  iBirrtabiqa  8riq6tivoiir6oib»aoJoriq 
b-xeiaum  b  iiioii  liBri  dooi  xo  sIXiqBq  b  rlJlw 

:iXB  ^axora  fii  nwo:tp  :tooi 


snoxJosa  dai9VEnB:ii  ariqBipo^uBoibBXoiorf^i 

■  ^4i4^ 


.,r,  A. 


I  '  -Iv  I 


T-5 


e-8 


iooi  hioo  s  io  ? 


.  A 

enoi^oaa  9ax9vafiB:i:t  Jo  8fiqBxpoiiJBO±&^o:»ori<J 

Xoo*x  b^B^BUin  B  lo 

aqxti:ts  iBnnebxqa  Jo  8fIqsxpo^i/BOxbB:io^ofl*I 
nox;i£0x^ioX60  pnivA:>fiB  aiooi  b^siai*®  lo 


xx-oi 


£I-SI 


etiifiri  erii 


:  1 
*♦  ‘■^ 


ilv 


1  .■*'■ 


:3  ■*  *’ 


Figure  Page 

14  Photoradioautograph  of  a  mustard  root  hair 

treated  by  the  root-tip  immersion  method  36 

15  Photoradioautograph  of  a  mustard  root  hair 

treated  by  the  moist-air  method  36 

16  Photoradioautograph  of  a  corn  root  hair 

treated  by  the  moist-air  method  36 

17  Photoradioautograph  of  a  whole  mount  of  a 

mustard  root  treated  by  the  root-tip 
immersion  method  38 

18  Photoradioautograph  of  a  longitudinal 

section  of  a  corn  root  treated  by  the 
root-tip  immersion  method  38 

19-20  Photoradioautographs  of  epidermal  strips 
of  white  mustard  roots  treated  by  the 
moist-air  method  38 

21  Diagram  of  the  moist-air  method  of 

treating  corn  41 

22  Photoradioautograph  of  a  mustard  root  hair 
treated  by  the  moist-air  method  (the 

filter  paper  was  saturated  with  Ca^^Cl2)  41 

23  Photoradioautograph  of  a  strip  of  mustard 
epidermis  showing  a  root  hair  treated  by 

the  moist-air  method  42 


Vlll 


* 

n  * 


r 

£ 

ife*', 

r 


dC 


dE 


dE 


8£ 


8€ 


i: 


8C 


I^ 


•xxfcrf  itooi  bna^&um  b  riqfiiportufioxbis^acJod^ 

borl-tenj  fioiaisnunx  qi5-;^oo‘X  sii^  bo:tfc9Xi 

xxBii  ioox  bijs^8JL/m  6  riqB!£po:tU60lB6io:^orf^ 

bodJsm  iifi-:t8Xom  arii  >{d 

iXBfi  :foO'X  n*ioo  £  ffqexportiicoxbsioiorf'? 

♦» 

boffctsm  xx£-:taxom  edit  y<^  E)s:fBe*si 

fi  zJniiom  sloriw  fi  rfqfiXDortusoxfaBiOJ^ori*! 

« 

■3 

^qi^-:foo'2  bsztsaui  :foO‘X  bierteum 

bod^em  noia'ismmi 


i6nxbi/:JxpnoI  &  riq£T:po^i/£oi:bB30dod^ 
9d:t  yd  bedeexd  iooi  nioo  fl  noidose 

boddsm  noxaiarnmi  qid-docyi 

aqxxda  lenraabxqs  io  arfqixeodt/eoxbBioiori*! 

C-1 

add  badedtd  3doo:£  sdxriw  io 

bodde.il  ixe-dsiom 

•  I. 

do  bpdds.Ti  'iXB-daxom  edi  do  mBdpfiia 


fi,**' 


li' 


rtdoo  pnxdfiorid 
*ix/sd  dooi  biedauffi  b  do  dqsipodOBO.xbB'XOdod^ 

S*  ' 

edd)  boddem  axB-dEXom  edd  yd  bedBS-xd 
(^XO^^^bD  ddlw  bedGTCi/d6e  sbw  xeqsq  ledXxi 


d 

" ' '  f'  % 

,  1 

ettupi*? 

■sr  • 

li; 

M 


81 


dl 


rx 


81 


os-ex 


IS 

r 

ss  . 


*  > 


p 


fa^Bdaum  ^o  qx'tda  b  Jo  dqBipodt/BoxbBiodod*! 
yd  bedBS'x^d  *ixBd  doox  b  pniwoda  Bxnnebxqe 

i 

,  ‘  .•  I  f  O  5orfdem  3^B-daiom  add 


t  if 


.. 


11  Iv 


Figure  Page 

24  Photoradioautograph  of  a  strip  of  epidermis 

of  a  white  mustard  root  grown  by  the  moist 
-air  method  (filter  paper  was  saturated 
with  Ca^^Cl2  solution)  42 

25-26  Photoradioautographs  of  transverse  sections 
of  a  white  mustard  root  treated  by  the 
moist-air  method  44 

27-28  Photoradioautographs  of  transverse  sections 
of  a  white  mustard  root  treated  by  the 
moist-air  method  45 

29-30  Photoradioautographs  of  transverse  sections 
of  a  white  mustard  root  treated  by  the 
moist-air  method  47 

31  Photoradioautograph  of  a  transverse  section 

of  a  white  mustard  root  treated  by  the 
moist-air  method  49 

32  Photoradioautograph  of  a  longitudinal 
section  of  a  corn  root  treated  through  a 

hole  bored  in  the  endosperm  49 

33-34  Photomicrographs  of  roots  grown  in  200  cc. 

of  culture  solution  with  30  cc.  of  saturated 
Na2  EDTA  solution  added.  52 


IX 


.  i» 


fi  i 


eiansbiqd  io  qiiia  lo  rlq6T:po:tc/soxb6TO:tori« 

ieiom  orf:t  vd  awoup  dooi  fo:i»^8trm  gdxxlw  £  5o 

bedfiiuztsa  eew  Ttsqaq  ^isilxi)  bori:t©m  ■xxe- 
*  ^ 

(aox:^I/Io8  2l:D2*‘6P^ri:Jxw 

8nol:^093  »Bi9vanB:ti  lo  axiq6:£po:fUBOxb6XOlori^  '  dS-5£ 

arid  vd  b9:>Ba'id:.  loQtt  b^isley/n  slldw  s-^o 

'■  -•  ■.  "35  ”,  Z 


*  -  f'  # 


'A»  .-, 

I 

'A' 


borL^em  ’iss-falom 

:■:  -  ^N> 


4  ^ 

artoiloes  saxsvsnfixl  lo  edqoxpoltfeoxbB'iolori^ 

•  ♦.'  * 

9/{J  bsdfistid  dooy  bxslaum  sdxrlv;  b  lo 


*5> 


8£-T£ 


ej 

bori^sm  :rx6-daxoin 


V' 


anoxi098  saxsvaasTi  lo  aflqBXpodJXBOlbsiolocl*! 

*7 

arid  yd  bsdBsxl  doo:i  nxBdaam  adlriw  a  io 


o£-es: 


,  * 


bofidsm  :fiB-d8xom  .  >' • 

.  er  ' 


noxdoaa  saaovaaB^id  b  lo  riqBXjpoddaoxbaiodoil^  I£ 


i 

1 


add  vd  bsdBsid  doox  b-xfidau/n  sdxdw  a  lo 


Su 


boridam  xxB-da xom 

•v.  . 


iBnxbudipnoi  6  lo  riqaui^odi/soxbBXodori^I 

B  rf^uoirid  bsdB&xd  doox  nxoo  b  lo  noldose 

■  >  nriaqaobna  arid  nx  baxod  alori 

» 

-d 

.oo  OOS  nx  nwo:rp  edooT'lo  affqav^aioxmodorf^ 

■  -  ,  '  •  '*  4 

>alB3UdB8  lo  .oo  OC  ridxw  noxdi/Xoe  a^-iidlbo  lo 

.  babbfi  noxdolos  ATQ3  s^s?^ 

*' .  ' 

■■'  *  ■  * 

.  -^1  ,  ij..  •!.. 

'  (V 


r’ 


t  V>i 


'*  {• 


Figure 


Page 


35-36  Photomicrographs  of  roots  grown  in  200  cc. 

of  culture  solution  with  10  cc.  of  satur¬ 
ated  Na2  EDTA  solution  added.  52 

37-38  Photomicrographs  of  roots  grown  in  200  cc. 
of  culture  solution  with  2.5  cc.  of 
saturated  Na2  EDTA  solution  added.  53 

39-40  Photomicrographs  of  roots  grown  in  200  cc. 

of  culture  solution  with  1  cc.  of  saturated 
Na2  EDTA  solution  added.  53 

41-42  Photomicrographs  of  longitudinal  sections 
of  a  white  mustard  root  grown  in  a  culture 
solution  of  pH  7.6.  56 

43-44  Photomicrographs  of  longitudinal  sections 
of  a  white  mustard  root  grown  in  a  culture 
solution  of  pH  9.4.  56 

45-46  Photomicrographs  of  a  mustard  root  grown 

in  a  culture  solution  with  no  boric  acid.  57 

47-48  Photomicrographs  of  a  mustard  root  grown 
in  a  culture  solution  with  0.2  x  10”^  ^xM 
boric  acid  added.  57 

49-50  Photomicrographs  of  a  corn  root  grown  in 

a  culture  solution  with  no  boric  acid.  57 


X 


ee 


ae 


de 


ra 


*  ■* 


r^75 


.00  OOS  ni.  nwoip  eJoo^  io  eriqs^ipoitoirBoJort^ 

-iu:tfe2  lo  ,00  01  d:txw  noxifa'Xoa  axw^Xi/o  5o 

.b^bbB  aoi:5ultB  ATCH  j- rW 


d£-e£ 


,oo  OOS  ns  nvoip  «Xoo:i  5o  edqsipottoxinoi^odq^  8€-V£ 

^  ^'W  ---. 

io  .03  e  ,S:  illxw  nbidufoe-  9:n/:tIiio  io 
.b^bjbs  tioi^i/Xoa  ATQIi  sfiPt 


,7'  ■■.  ■■  7-''^;.  -  V' 

.03  OOS  ni  nwoxp  '8:tooi  io  ariqB-xpoxoimor^od*! 
badBxuiJsa  3lO  .00  X>,riqxw  noxdtjXoa  exx/dXt/o  io 

.bobbB  nox^uXos  ATa3  £6W 

t-.  ■,.. 

anox:io92  Xenibudxpno/-  eriqfixpo-soxnod-od^ 
siii^Xuo  5  nx  fxwo'ip  :?oox  bxedeuin  sdxriw  6*'io 

-r- .»  »  ‘  ,  .  i»r  '  ,'d .  r  Hq  io  tios^if Loz 

..  'V  J  •  •  - 

''anoiioss  Xsnxbud xpnoX  5o  srfqBXpo.^oxn^^oH^ 

-yi 

s'XiJdic/o  B^'nXf  nwoxp  :^oo‘x' bxsi’sijm  oiiriw  s-^^o 

G.' 

I  Hq  noxluioe 

■'  ■■  ’  •  '  .'t  Lid  ■ 

•  V  '■  -  -  '  .'  X- 

awoip  dool  biBzlsifn  e  arlqB^poiox.niodon^ 

7  ■■.♦);'■.,  -**  ’■  i*fe' 

'  ^  •  •  ' .  j  ,  ^■• 

.bioB  oixod  on  rii^xw  noxdw^oa  9xi;:>Xt/o.fi  nx 

ff  ■  ' 


••*  I  •> 

nWotrp  :too*x  bxBdai/m  6  5o  sriqeipotoiniodQri*! 
K^i-oX  X ’S*0  ridxw  noxdjjlos  sTuqXuo ''b  nX 


■v 


.bsbbs  bioB  oxxod 


..^JT  tiSTt 


A 

9  /•'  i*  ‘A*  • 


7? 


••I  •  r- 

nx  r4WOip  doox  nxoo  6  !lo  ariqB'ipoioxnrodofi'l 

*  .*-■ 

.biDB  oixod  on  ridxw  noidaloe  diixdino  b 


Ofr-eC 


»«i 


S^-X> 


'i- 

t  .V , 


•  .<9  "  ■ 

fj 

•  u 

(V  '  .,. 

I 

02-efr 


:! 


Figure 


Page 


51-52  Photomicrographs  of  a  corn  root  grown  in 
a  culture  solution  with  0.2  x  10”^ 
boric  acid  added. 

53  A  bar  graph  showing  radiation  of  Ca^ ^  in 
counts  per  minute  per  milligram  of  3 
millimeter  serial  sections  from  the  root 
apex  through  to  the  shoot  apex  of  a  corn 
seedling , 

54  A  bar  graph  showing  radiation  of  Ca^ ^  in 
counts  per  minute  per  milligram  of  1 
millimeter  serial  sections  of  5  seedlings 
of  white  mustard. 


55  A  bar  graph  showing  radiation  of  Ca^^  in 
counts  per  minute  per  milligram  of  3 
millimeter  serial  sections  from  the  root 
apex  through  to  the  shoot  apex  of  a  corn 
seedling . 

56  A  bar  graph  showing  radiation  of  Ca^^  in 
counts  per  minute  per  milligram  of  3 
millimeter  serial  sections  from  the  root 
apex  through  to  the  shoot  apex  of  a  corn 
seedling . 


58 


60 


61 


63 


64 


XI 


ni  avo-jp  ctsoo  a  io  3fiq6:i£Oioiflioiofl^  £^~I2 

>:  ^.0  rUi^r  :ioi5nXo3  d-iu:iiuo  b  . 

.  !i>ebb6  bxDfi  oi’i^  '- 

ai  noi-^5>b'^i  .-.oila .  nqu'xp  ^ 

Z  “lo  flTft'inlXIiC!  9^'jai/n  tiaq  z:inuoo 

:Joo-i  sfli  n\oxt  a^o^:■:^b93  Isitcea 

n'loo  £  Ito  xoqc.  qoo?:a  oi  d^v’O'in.'t  xsqa 

t.^ 

ni  '"S3  io  noiisibjsct  p.-.xwodS  riqs::^  isd  A  ^2 

I  10  fTSipiliini  i3q  tr.gi'i  '&iifrt/oo 

5  to  a/ioidpsa  Isiiss  tiaJanixXXx/n 

.ft  isdepm  ajidv;  io  ^  -  *• 

nx  ^ ''sD  5o  noidsibci  pnxwofla  '^ed  A  22 

£  io  msivxXXxm  i$q  airnim  xaq  adnuoo 
joot  9ri:t  anoxdoaa  Xsixoa  xeioflixlXx.iff^'^  ^ 

nxoo  s  io  xeqx  dooria  add  od  ripuo:fdd  xegs 

^jsi:aaoaB-iS0d9/j 

nx  ^^sO  Xo  noidsibsn  ^nxwoils  riqsxp  xsd  A  d2 

£  do  msipilixm  39q  odjjnxm  ^laq  adnxjoo 

i 

3001  add  n:oii  aiToidoaa  Xsxiaa  xajamxi  firu 
moo  6  do  xaqs  xoorie.  add  od  dpncxrij  xoqs 

.t^nxlbaas 


Figure 


Page 


57  A  bar  graph  showing  radiation  of  Ca"^  ^ 
in  counts  per  minute  per  milligram  of 

five  mustard  seedling  pieces.  66 

58  A  bar  graph  showing  radiation  of  Ca^^ 
in  counts  per  minute  per  milligram  of 

corn  seedling  pieces.  67 


xii 


j  *  'i « 


f 


33 


V 


io  aoi:]6ibe'irpaiwode  :iBd  A 

.  •  *  • 
lo- nXG^i^xXXim^TLBq  siunini  Bini/oo  ni 

f,  • 

.  .  }*  , V.  i  •  asoai q  9n xl  bsiAa  bi&i  aura  ® vl i 

.  •<.  >  •■ 

;  ,  -W  .y 

*■'  “  io  ftoli-BxbBi  i?rfiwojrfa  'rfq**!^  'SBd  A 

>o  laq  djvnim  :tsq ,  atrtt/oo  nl 

.  •.  'S  '■ 

‘  "  V  ‘  ;edOdiq 'pnxibasa  n'loo 

'  '*  '  '  ■' 

-  ‘ '  V  1/ 

t- 

-■*'1  ■  ■  '’4  '  ■■  -  •  ^ 


f 


r2 


* 


ee 


r- 


^* 


j4 


I 

s». 


^  ■ 


IM 


*  ^ 
i 


.  V'  %■ 


( 


•••’-  f  tp" 

w'  .-:  ^  .»  ' 


4.» 


■kr 


-, 


•.> 


’.  .t- 


1 


INTRODUCTION 


Calcium  pectate  is  generally  considered  to  be  the 
chief  structural  substance  cementing  together  the  walls  of 
adjacent  plant  cells.  Currently,  because  of  its  stiffening 
action  when  combined  with  pectic  materials,  considerable 
attention  is  being  given  to  the  role  of  calciiam  in  cell-wall 
growth . 

The  previous  portion  of  this  study  (Cormack,  Lemay 
and  Maclachlan,  1962)  was  concerned  with  the  distribution  of 
Ca^^  in  the  root-hair  walls  of  white  mustard,  corn  and  tomato 
seedlings.  The  walls  of  growing  root  hairs  developed  in 
moist  air  following  treatment  with  Ca^^Cl2  were  tested  for 
incorporated  Ca^^.  Radioautographs  show  that  calcification 
of  the  wall  in  actively  growing  hairs  begins  just  back  of  the 
growing  tip  and  increases  towards  the  base  of  the  hair. 
Further  experience  in  the  handling  of  radioactive  isotopes 
was  gained  in  a  subsequent  study  designed  to  determine  the 
presence  of  glucose-l-C ^  in  the  intercellular  space  of  white 
mustard  roots  (Cormack  and  Lemay,  1963). 

This  thesis  extends  the  investigations  with  Ca‘^^Cl2. 
Initially,  interest  was  limited  to  refinements  of  technique 
by  which  the  incorporation  of  Ca^^^  into  the  elongating 
epidermal  cell  wall  and  the  root-hair  wall  could  be  detected 
at  a  very  early  stage.  It  was  also  hoped  that  these  refine¬ 
ments  of  technique  would  make  it  possible  to  distinguish 
that  part  of  the  wall  where  a  hair  originates  from  other 
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parts  of  the  same  cell  wall,  and  to  distinguish  between  a 
hair-forming  cell  and  a  hairless  cell. 

Although  the  view  that  calcium  pectate  is  present  in 
the  root-cell  wall  has  been  confirmed  by  numerous  workers, 
the  function  of  calcium  as  a  stiffening  substance  involved 
in  cell  wall  growth  has  been  supported  (Roberts,  1916; 
Cormack,  1935,  1944,  1945,  1949,  1954,  1955,  1956,  1959a, 
1959b,  1961;  Tagawa  and  Bonner,  1957;  Cooil  and  Bonner, 

1957;  Brewbacker  and  Kwack,  1963)  and  disputed  (Ekdahl, 

1948,  1953,  1957a,  1957b;  Belford  and  Preston,  1961).  It 
was  hoped  that  the  combined  results  of  growing  seedlings 
in  control  solutions  of  calcium,  and  the  radioautographic 
technique,  would  give  an  insight  into  the  function  of 
calcium  pectate  as  a  cell  wall  growth  substance. 

The  translocation  pathways  of  calcium  to  its  points 
of  deposition  or  incorporation  in  the  corn  and  mustard 
root  is  poorly  described  in  textbooks.  Much  interest  was 
aroused  in  this  study  in  the  translocation  of  calcium,  not 
only  because  more  work  was  needed  in  this  field,  but  also 
because  a  better  understanding  of  its  translocation  in  the 
root  would  throw  light  on  its  distribution  and  incorporation. 
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LITERATURE  REVIEW 


Since  its  discovery  in  1665  by  Robert  Hooke,  the  plant 
cell  wall  has  been  the  object  of  uninterrupted  investigation. 
In  the  intervening  three  hundred  years  a  great  deal  has  been 
learned  concerning  its  structure  and  chemical  composition 
which  are  the  key  to  an  understanding  of  its  growth  and 
development.  Recent  reviews  and  detailed  discussions  include 
those  by  Frey-Wyssling  (1957)  ,  Northcote  (1958)  ,  Preston 
(1958)  ,  Roelofsen  (1959)  ,  Setterfield  and  Bayley  (1961)  , 
Wardrop  (1962)  and  Cormack  (1949,  1962),  while  recent  papers 
dealing  with  specific  aspects  of  cell-wall  composition  and 
growth  are  all  too  numerous  to  mention. 

The  present  literature  review  deals  almost  exclusively 
with  recent  papers  on  calcium  in  the  primary  cell  wall  and 
root-hair  wall,  its  effect  on  cell-wall  stiffening  and  the 
translocation  of  calcium. 

Roberts  (1916)  ,  experimenting  with  root-hair  walls  of 
numerous  crop  plants,  recognized  that  in  a  trichoblast  the 
epidermal  cell  wall  and  the  root-hair  wall  are  continuous. 
Since  this  early  study,  it  has  been  accepted  that  the  walls 
are  not  only  continuous  but  are  also  similar  in  structure 
and  chemical  composition.  For  this  reason  studies  on  the 
epidermal  cell  wall  and  the  root-hair  wall  will  be  discussed 
together . 

Cellulose  and  pectic  substances  have  generally  been 
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thought  to  be  the  chief  structural  materials  in  the  primary 
wall/  while  the  intercellular  substance  (middle  lamella) 
that  cements  the  walls  of  adjacent  cells  is  considered  to 
be  composed  of  insoluble  salts  of  pectic  or  low-methoxyl 
pectinic  acids. 

Information  concerning  chemical  changes  in  growing 
cell  walls  has  been  obtained  through  studies  on  micro¬ 
chemical  testing/  maceration  by  means  of  enzymes  (Bryan  and 
Newcombe/  1954;  Glaziou/  1959;  Cormack/  1955/  1956;  Zaitlin 
and  Coltrin/  1964)  and  calcium  chelating  reagents  (Cormack/ 
1935/  1959;  Heath  and  Clark/  1956)  and  on  the  effects  of 
various  culture  solutions  (Goodwin  and  Avers/  1956;  Burstrdm/ 
1952;  Cormack/  1956),  The  results  of  these  investigations 
show  that  stiffening  of  the  cell  wall  is  an  important 
factor  in  cell-wall  elongation.  The  mechanism  by  which 
hardening  is  affected  is  not  clearly  understood  and  some 
of  the  proposals  put  forward  to  explain  this  process  are  in 
sharp  disagreement. 

I.  Theories  of  Epidermal  Cell  Wall  and  Root-hair  Wall 
Stiffening 

A.  Cellulose  Controlling  Cell-Wall  Rigidity 

Earlier  ideas  of  cell-wall  stiffening  were 
centered  around  the  cellulose  framework  of  the 
plant  cell  wall.  Many  authors  believed  that  the 
amount  of  cellulose  microfibrils  or  the  rate  of 
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microfibril  deposition  determines  the  rate  of  cell 
wall  stiffening  or  rigidity  (Adamson  and  Adamson/ 
1959;  Bennet-Clark ,  1961;  Ekdahl ,  1953; 

Frey-Wyssling/  1952;  Galston  and  Purves,  1960; 

Ray/  1961;  Setterfield  and  Bayley/  1961;  Thimann/ 
1954) ,  The  actual  process  involved  in  cell-wall 
elongation  has  been  variously  described  by  the 
above  authors  with  the  use  of  such  terms  as  re¬ 
orientation  of  fibers  (Frey-Wyssling/  1952) /  partial 
dissolution  (Thimann/  1954) /  loosening  (Ray/  1961) / 
relaxing  (Galston  and  Purves/  1960) /  softening 
(Bennet-Clark ,  1961)  increased  wall  flexi¬ 

bility  (Adamson  and  Adamson/  1959) /  of  the  cellulose 
framework.  Elongation/  in  the  opinion  of  these 
authors/  is  a  phenomena  controlled  by  the  cellulose 
portion  of  the  wall. 

The  literature  on  the  cellulose  theories  of  cell- 
wall  stiffening  has  been  well  reviewed  (Cormack/ 

1949/  1962;  Belford  and  Preston,  1961;  Ekdahl ,  1953; 
Young,  1962;  Wardrop,  1962)  and  will  not  be  reviewed 
further  here. 

More  recent  experiments  on  cell  walls  show  that 
factors  favoring  cellulose  deposition  (Young,  1962) , 
still  render  the  wall  plastic  with  little  mechanical 
strength.  Elongation  has  been  reported  to  occur  with 
a  slight  drop  in  the  total  amount  of  cellulose 


Il93  Ilo  rroi^xeoqsb  Ii'idi^o:tolni 


tnoaWBbA  bne  noBtnBbA)  'lo  ipnxnoaiixs  LIg^ 


/) 


;idei  7,>ii6XD-:^9nn93  ;0£ei 

^  j  &  •?.  -  r  ‘  gr 


:0D^I  bns  no^JeleO  tSLCei  .pniieav^-vsx'^ 

•/  *  V  “  •■■“ *' >  I' -  j  *  ^  ^ 


vonsmiriT  k'^&L'^BQ  t/ns  foisi^'JsJ'jsS  ;X36X,  *V^K 

iX£w-Xi90  X!X  fodviovni  esiaao-xq  iBCJiDs' aifT  (i»5€I  '  *  ’ 'SV 

•  •''  ^  .  '  ►  s 

'i&v  '■■  ‘-■’‘  •  C-i 

on:t  Y'^  bodliDaeb  viawoii&v  neact.  es/f  ooictepnoX^  ^.*1 

i  -  !'  ‘  ‘iri 


-fit  a  6  annidJ^  lioue  5o  aau  9ff:f  rfJ/w  aiorfXfJs  svods 


lBi.ti6q  »  »^nxXa8YW-Y^~*?)"  R.:faiiXxi  5o  npxdeJ'n&i^iOf’^''.  ^  ^ 


■  r> 


*  (Xdex  paippsooi  \  (^361  .iiasmid’V)  noxitylpaaib 


pnine:fioe  .  (OOei  .eav:i;)q  bflB 

* 

-xx9i^  Xlsw  (Xaex  s^i^BiO^iisnftBS) 


saoiulLoo  ^rlJ  ^o  ,  (e?^X  .fioamrpbA  baB  rroemsbAV 

?  •  .  '  .  «  '  ^  ' 

Qaod:t  io  rroinxqo  ni  tfioxXspfioX^  . ^xp/zaiiiex^ 


■  4 


oaoIuXisD  ari:r  Y''-^  bsXIo.iJnoo  Griacnonarfq  s  8i.,“  a  to/1.1  ue 
'  ,XX6w  srfi  to  noxiTaq 


-liBo  to  aoxxoorfj  ^jacidllap  sfll  no 

»;io6mToD)  bovQivoT  XXow  nabcfi  aa/f  priinsyua^  iXsw 

'T  V.  ’  ^ 

,Ifl6b?Ca  ;Ic)CX  ^aoiaexq  bn«  bToIxsS  -Sd"ex  ^e^^eX 


jTBXBTelll  erXT  «  .iji;','  ; 

■/  X  ',  ■;  ,  ,V  ■ 


^  t  »  A 

,-{« lA 


■i 

j- 


bwoxvei  9d  Ion  IXiv/  bn&  (£dei  »qoibTBW  ;2aei  >\prtuoY 

^  ■'At  ,oioff  larflTui* 


I6ff1  worie  aXIsw  iXep  no  exnomx  loqxa  Jii909x 
.  (id€X  *enL/o:^)  apxlXBoqsb  ©aoXu^ieo  pnc^ovBX  axoioei 


V 


XBoinfed^sra  ©Ilixl  rjxxw  oil^afiXq  ll&w  i©bn9x  XX’xIc 

.»  '2 


t- 


5?' 


^  Ad 


cilxw  luo'Do  o1  bsl  ioqai  n©9d  a  ad  noxla^aoXa 

f  F 

*  9aoIpXi©p  ’Inpomo  Xalpl  ©rli  rtx  qo^b  Iripx  le  a 

•i 


•  ■>■ 


6 


(Solberg  and  Higinbotham ,  1957) .  These  findings 
have  led  researchers  to  look  at  wall  elongation  from 
different  points  of  view. 

B.  "Pectin  Theory"  of  Wall  Stiffening 

Quantitative  chemical  studies  of  the  cell-wall 
components  by  Setterfield  and  Bayley  (1961) 
measured  in  different  species,  have  been  recorded 
as  cellulose  20-50^,  hemicellulose  4-5^,  pectin 
1-50^,  protein  2-30^,  lipid  1-25^. 

The  pectic  component  is  known  to  go  through  a 
series  of  chemical  reactions  through  which 
there  is  a  gradual  stiffening  of  cell  walls.  In 
non-lignif ied  tissues,  the  strongest  of  these 
cementing  substances  is  calcium  pectate  (Roberts, 
1916;  McCoy,  1932;  Farr,  1925,  1927,  1928;  Cormack, 
1935,  1944,  1945,  1949,  1954,  1955,  1956,  1959a, 
1959b,  1961;  Cleland  and  Bonner,  1956;  Cooil  and 
Bonner,  1957;  Ordin  and  Bonner,  1957;  Tagawa  and 
Bonner,  1957;  Deuel  and  Stutz,  1958;  McClendon 
and  Somers,  1960;  Weintraub  and  Ragetli,  1961; 
Zaitlin  and  Coltrin,  1964) . 

The  more  recent  work  on  the  growth  of  root  hairs 
and  pollen  tubes  has  strongly  supported  the  "Pectin 
Theory"  (Cormack  and  Lemay ,  1963;  Brewbacker  and 
Kwack,  1963) .  In  these  studies  it  has  been  shown 
that  small  amounts  of  calcium  are  necessary  for 
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elongation,  while  over-calcification  results  in 
excessive  stiffening  of  the  cell  wall  and  con¬ 
sequently  the  retardation  or  inhibition  of  growth. 

The  "Pectin  theory"  has  also  been  criticized  by 
numerous  workers.  Bishop  et  al.  (1958)  state  that 
the  pectin  content  of  the  wall  is  too  small  to  give 
the  cell  wall  the  stiffening  it  receives  under 
certain  conditions.  Carr  and  Ng  (1959)  claim  that 
the  calcium  content  of  calcified  walls  is  not 
plentiful  enough  to  afford  the  wall  stiffening  that 
is  apparent  in  certain  experiments.  Setterfield 
and  Bayley  (1961)  are  very  skeptical  of  their  own 
findings,  and  state  that  the  theory  of  pectic  sub¬ 
stances  is  attrative  but  unsubstantiated. 

It  is  clear  that  the  problem  of  cell-wall 
stiffening  is  far  from  being  well  understood.  More 
research  in  this  field  is  necessary. 

Translocation  of  Calcium 

As  early  as  the  turn  of  the  last  century,  it  has 
been  intimated  or  even  stated  from  the  results  of 
deficiency  studies  (True,  1914)  or  direct  concentration 
studies  (True,  1922)  that  mineral  ions  must  be  absorbed 
or  translocated  through  the  plant  root. 

Deficiency  and  concentration  studies,  however,  do 
not  allow  the  pathway  of  translocation  to  be  followed. 
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Only  the  end  result  is  observed  from  which  it  may  be 
concluded  that  translocation  has  occurred  or  not. 

In  an  attempt  to  trace  the  translocation  pathway  of 
water  and  mineral  ions  from  the  solution  medium  to  the 
shoot  and  leaves,  Strugger  (1937-1938,  1939),  has  added 
acidic  and  basic  dyes  to  the  solution  media.  His  in¬ 
vestigation  has  shown  that  substances  could  be  drawn  by 
the  transpiration  stream  along  cell  walls  to  the  stele. 
Because  of  the  small  amount  of  cytoplasm  around  the 
wall,  in  older  cells  of  roots  it  was  not  possible  to 
establish  whether  the  dyes  remained  outside  the  plasma 
membrane  or  whether  they  entered  the  plasmalema  and  were 
retained  out  of  the  tonoplast.  It  was  clear  that  there 
was  no  dye  in  the  vacuole. 

More  recent  investigations  (Crafts,  1949,  1961; 
Broyer,  1950)  made  use  of  radioactive  ions  in  an  effort 
to  localize  the  transport  pathway.  Broyer  (1950)  has 
shown  that  they  pass  from  the  culture  medium  to  the  xylem 
without  being  accumulated  in  vacuoles. 

Details  of  ion  transport  from  the  culture  media  to 
shoot  are  poorly  established  and  very  controversial. 

Since  there  are  recent  literature  reviews  on  the 
problem  of  ion  transport  (Broyer  and  Stout,  1959; 

Epstein,  1956;  Hylmo,  1953;  Lundegardh,  1955)  it  does 
not  merit  repeating  here. 

The  literature  reviews  clearly  show  that  little  is 
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known  of  ion  transport  in  general  and  still  less  of 
calcium  transport  in  particular.  To  understand  the 
complete  translocation  pathway  of  any  one  ion,  it  is 
necessary  to  trace  it  from  its  point  of  entry  along 
whatever  pathways  it  takes  to  areas  of  distribution  and 
incorporation.  Specific  findings  on  translocation  of 
calcium  would  augment  the  present  more  general  trans¬ 
location  pathways  described  by  such  investigators  as 
Crafts,  A.S.  (1949,  1961);  Biddulph,  0.  (1958);  Biddulph, 

S.  (1958);  Cory,  R.  (1958);  Epstein,  E.  (1956,  1961); 
and  Koontz,  H.  (1958) . 
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MATERIALS  AND  METHODS 


MATERIALS 

Seedlings  of  Sinapis  alba  L.  were  used  as  the  experi¬ 
mental  material  because  the  seeds  germinate  readily,  and 
the  roots  develop  abundant  root  jiairs  in  water.  Also  con¬ 
siderable  anatomical  work  has  already  been  done  with  this 
particular  plant  (Cormack,  1935,  1947,  1948;  Belford  and 
Preston,  1961;  Cormack,  Lemay  and  Maclachlan,  1962; 

Cormack  and  Lemay,  1963).  Later,  confirmatory  tests  were 
carried  out  with  Zea  mays  L.  seedlings  because  of  the 
prominent  endosperm  which  facilitates  the  introduction  of 
experimental  material.  White  mustard  {Sinapis  alba  L.) 
and  corn  {Zea  mays  L.)  were  obtained  from  Steele-Briggs 
Seed  Company,  Edmonton. 

Ca^^Cl2  (0.8  mc/ml)  which  was  used  as  the  tracer 
material  was  obtained  from  the  Atomic  Energy  of  Canada  Ltd. 


METHODS 

Germination  of  Mustard  and  Corn  Seeds 

Seeds  of  white  mustard  and  corn  were  first  soaked  in  a 
.OOIM  solution  of  mercuric  chloride  for  three  minutes  and 
five  minutes,  respectively,  to  kill  any  fungus  spores.  The 
seeds  were  then  rinsed  in  tap  water  and  placed  in  a  stream 
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of  running  tap  water  to  soften  the  seed  coats.  Water  was 
floated  over  the  mustard  seeds  for  one  hour  and  over  the 
corn  seeds  for  twelve  hours.  At  the  end  of  the  soaking 
period,  the  seeds  showed  variability  in  the  amount  of 
water  imbibed,  ranging  from  no  noticeable  signs  of  swell¬ 
ing  to  extreme  swelling.  Moderately  swollen  seeds  were 
removed  and  placed  in  petri  dishes  between  layers  of  filter 
paper  moistened  with  demineralized  distilled  water.  The 
petri  dishes  were  then  placed  in  an  incubator  at  23°C  up  to 
the  time  that  the  radicle  began  to  break  through  the  seed 
coat.  Seedlings  with  roots  ranging  between  first  signs  of 
emergence,  and  two  millimeters  in  length,  were  considered 
ready  for  treatment  with  labelled  calcium. 

I.  Cell-Wall  Studies 

A.  The  Introduction  of  Radioactive  Calcium 

1.  Moist— Air  Method 

The  general  procedure  was  to  place  the  seed¬ 
lings  in  petri  dishes  in  contact  with  filter 
paper  well  soaked  with  10“^M  Ca^^Cl2  solution. 

At  five-hour  intervals  several  seedlings  were 
removed,  the  roots  severed  and  subsequently 
tested  by  several  methods  to  determine  the 
translocation  and  incorporation  of  labelled 
calcium . 

2.  Root-Tip  Immersion 

A  trough  was  prepared  by  placing  two  glass 
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slides  one-half  of  an  inch  apart  in  a  microscope 
slide  box.  Paraffin  was  poured  on  the  outside 
of  the  two  slides,  leaving  an  area  in  the  center 
free  of  paraffin.  When  the  paraffin  hardened, 
the  slides  were  removed  and  a  little  paraffin 
was  placed  in  the  trough  to  seal  the  bottom. 
Filter  paper  moistened  with  demineralized  dis¬ 
tilled  water  was  placed  over  the  paraffin  and 
fitted  into  the  trough.  The  germinating  seeds 
were  placed  on  the  edge  of  the  trough  in  such  a 
way  that  the  radicles  grew  into  the  trough  in 
contact  with  the  moistened  filter  paper  (Figure 
1) .  When  the  roots  had  reached  a  length  of  one 
centimeter,  enough  Ca‘^^Cl2  solution  was  syringed 
into  the  trough  to  bring  the  level  of  the 
solution  sufficiently  high  to  cover  the  tips  of 
the  roots . 

3.  The  Introduction  of  Calcium  Through  the 
Cotyledons 

Because  of  the  large  endosperm  in  corn  seed 
and  the  absence  of  endosperm  in  mustard  seed, 
the  procedure  of  introducing  the  calcium  was 
different  in  each  case. 

(a)  Method  For  Mustard  (Ring  Method) 

Small  glass  rings  were  filled  with  paraffin 
to  within  two  millimeters  of  the  tip.  A 
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piece  of  filter  paper  the  same  size  as  the 
ring  was  then  placed  over  the  paraffin.  The 
filter  paper  was  then  well  moistened  with 
the  10“^M  Ca^^Cl2  solution.  When  the  seed¬ 
lings  were  ready  for  treatment,  a  portion  of 
the  cotyledons  was  removed  by  means  of  a 
sharp  razor  blade,  in  such  a  way  as  not  to 
injure  the  embryo.  A  portion  of  the  seed 
coat  and  cotyledons  was  removed  from  each 
seedling  opposite  the  point  of  root  pro¬ 
trusion.  Each  seedling  was  placed  in  the 
ring  so  that  the  cut  surfaces  of  the 
cotyledons  were  in  direct  contact  with  the 
moistened  filter  paper.  Figure  2  (Cormack 
and  Lemay,  1963) . 

(b)  Method  For  Corn  (Hole  bored  into  the  endo¬ 
sperm) 

In  order  to  supply  the  seedling  with  radio¬ 
active  calcium,  a  small  hole  was  carved  in  the 
endosperm  of  the  corn  seed  (Figure  3) .  In  one 
set  of  experiments,  this  hole  was  filled  with 
a  10”^M  Ca^^Cl2  solution.  In  a  second  set  of 
experiments,  this  hole  was  filled  with  10  ^M 
Ca'^^Cl2  and  10”^M  boric  acid.  The  treated 
seeds  were  placed  on  moist  filter  paper  in  a 
petri  dish,  for  further  growth. 
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FIGURE  1 


FIGURE  2 


(XI)  Diagram  of  the  apparatus  used  in  root- 
tip  immersion.  The  front  of  the  slide  box 
has  been  cut  away  to  show  the  structure  of 
the  trough  covered  by  filter  paper,  and  the 
position  of  the  seed  at  a  higher  level. 


Diagram  of  the  apparatus  used  in  the  ring 
method  of  introducing  Ca^^  through  the  cut 
cotyledons  of  white  mustard.  The  mustard 
seedling  was  drawn  with  the  use  of  a  camera 
lucida  at  a  magnification  of  X6. 
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FIGURE  3 


(XI)  Diagram  of  a  corn  root  grown  on  a 
moistened  filter  paper  in  a  petri  dish. 
Chemicals  are  introduced  through  the  hole 
carved  in  the  endosperm. 
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B.  Radioautographic  Procedure  of  Examining  the 
Introduced  Radioactive  Calcium 

Immediately  after  removing  the  test  material 
from  contact  with  Ca^^,  it  was  washed  well  with 
several  changes  of  CaCl2  to  remove  any  excess  of 
radioactive  calcium.  The  material  was  then  pre¬ 
pared  by  either  of  two  ways. 

1.  Microtome  Method 

In  preparation  for  sectioning  with  the  micro¬ 
tome,  small  pieces  of  treated  roots  were  placed 
in  Craf  killing  and  fixing  reagent,  for  fifteen 
hours.  Subsequently  the  root  material  was  washed 
under  running  tap  water,  dehydrated  in  the  usual 
manner  with  n-butanol,  stained  with  erythrosin  B, 
infiltrated  and  embedded  in  tissuemat.  The 
pieces  in  absolute  n-butanol  were  poured  over 
an  equal  amount  of  50/50  paraffin  and  paraffin 
oil  and  placed  in  an  oven  at  58®C.  When  all  of 
the  absolute  n-butanol  had  evaporated,  the  50/50 
paraffin  and  paraffin  oil  were  poured  off  and 
replaced  by  paraffin,  which  was  left  twelve  hours. 
Three  changes  of  tissuemat  followed.  Before 
pouring  the  last  tissuemat  into  a  paper  boat  to 
harden,  the  oven  was  turned  up  to  60 °C  to 
facilitate  pouring.  The  tissuemat  was  quickly 
poured  into  little  paper  boats  (2  x  4  cm.)  on  a 
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wanning  plate  which  kept  the  tissuemat  from 
hardening  too  quickly,  and  thus  the  roots  could 
be  arranged  as  desired,  with  warm  needles.  Then 
the  tissuemat  was  quickly  cooled  by  submerging 
the  boats  in  ice  water.  The  roots  were  cut  from 
the  blocks,  and  trimmed  with  a  razor  blade  in 
preparation  for  sectioning. 

2.  Stripping  Method 

Severed  roots  were  placed  in  boiling  water  for 
two  hours.  Following  heating,  the  roots  were 
placed  in  water  on  a  microscope  slide  and  fine 
strips  of  epidermis  were  removed  by  means  of 
sharp  needles.  A  satisfactory  strip  of  epidermis 
was  selected  and  floated  in  a  drop  of  water  on 
another  slide  previously  coated  with  Haupt's  ad¬ 
hesive,  and  further  teased  apart  by  fine  needles. 

C.  Steps  in  Slide  Preparation 

1.  Adhering  Material  to  Slides 
(a)  Microtome  Method 

Both  transverse  and  longitudinal  sections 
were  cut  at  10  microns  on  a  rotary  microtome 
(American  Optical  Company  Model  815) . 

Sections  of  ribbons  were  floated  out  on  a 
Haupt's  coated  slide  with  a  5%  formalin 
solution.  Slides  were  then  heated  to  50°C 
for  two  hours  to  flatten  the  ribbons  and 


XI 


mo:i^  3e>rnsuBf^.ii  arid-  doxrlw  sitslq  pnxjjrrsw 

bluoo  aitooi  orfxt  ^uri:t  bciB  ^\{^lAoiup  oo:t  pnlfiebtXB/l 
ne;lT  .aslbaoi  rmew  riiiw  ^b9:cipsb  as  foepnsns  9d 
pnxpisjTjdfjE  va  bsiooo  isnrsueaid  arid 

nioTi  ai^.v  adoo:i  siiT  .:i9dsw  box  nx  adsod  s'xld 

ni  dbsld  tcssi  s  rldxw  bamxnx'ii  bns  ^sjlDoId  arid 

.  pnincxiitDea  xoi  noldBisqe-xq  ^ 
bof^is^^  pniqqi'rd2 

xoi  i9d£w  pnxiiod  ni  bjoslq  axsw  e:tobn  beneve? 

9xew  eioon  erfi  >  pnxissri  pniw’olio''!  .  anx/od  owd 
SixLi  hciR  ebj.la  sqooaoncxm  s  no  X0dsw  ni  baosiq 
io  arr69/r  bsvo/nax  answ  aimx&biqs  J.o  eqixda 
axnnobiqs  ,5o  qxn:^a  Y^^^^J53:axdBa  A  .astbaen  qnsria 
no  nedsw  fo  qo’ib  a  nx  badeol^  bns  fcs.ioalaa  asw 
-bs  a’iqiJcH  rldxw  bsdsoa  Ylanoivsnq  sbiie  isrfdons 
.asTbesn  ani^:  yd  inieqe  bsasQ.-t  nsridxui  bns  ^9Vxaef^ 

noxr^snsqan^  9bxI3  ni  aqedS  .D 
asbxiS  oi  IjsxnedsM  pninexibA  *X 
bodj-oM  smodonoxM  (&) 

aaoidDsa  Isnxbudipnol  bns  saxevansnd  ddoa 

amro-ionoim  yi&doi  s  no  enonoiui  01  Jb  duo  anew’ 

. (5X8  laboM  ynBqmoO  ISDxiqO  nsoinsmA) 

B  no  duo  bedBoli  enaw  anoddin  ancidoeS 

« 

nxlsimod  S6  s  rfiiw  abxia  bsdsoo  a’^dqifsH 
0®02  od  bsdsad  nerfd  9X9W  aebxia  .noidi/Ioa 
bnfi  enoddx'i  add  neddsbi  od  axnod  owd  nol 


18 


adhere  the  ribbons  to  the  slides. 

(b)  Stripping  Method 

The  strips  of  teased  material  were  placed 
on  a  slide  previously  coated  with  Haupt's 
solution,  and  dried. 

D.  Coating  of  Slides  with  Emulsion,  and  Exposure 

The  light  tight  emulsion  bottle  was  opened  and 
the  G“5  emulsion  was  handled  in  the  dark  room  with 
the  use  of  light  screened  by  a  P-5  filter.  The 
G-5  emulsion  (melting  point  48°C)  was  heated  to  50°C 
and  a  small  quantity  of  demineralized  distilled 
water  was  added  to  produce  a  thinner  coat  on  the 
slide.  The  dried  slides  bearing  either  thin 
sections  or  strips  of  epidermis  were  tilted  into 
the  emulsion  in  such  a  manner  that  the  root  tissue 
was  uniformly  covered.  The  slides  were  then  dried 
under  a  stream  of  warm  air  provided  by  a  hair-drying 
fan,  placed  in  dark  light-tight  boxes  containing  a 
desiccant  (CaCOs)  and  transferred  to  a  refrigerator 
at  4°C  for  exposure. 

E.  Developing  Emulsion-coated  Slides 

Slides  were  developed  in  D-19  developer,  diluted 
1:3  with  distilled  water,  for  ten  minutes.  Slides 
were  moved  to  3%  acetic  acid  stop  bath  for  three 
minutes,  30%  hypo  for  nine  minutes,  and  tap  water 
for  twenty  minutes. 
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The  slides  were  dried.  Sections  were  covered  with 
glycerine  and  a  cover  glass,  with  sides  sealed  with 
Permount . 

F.  Photoradioautographs 

The  prepared  sections  and  strips  of  epidermis  were 
observed  with  a  Zeiss  Photomicroscope  (55575) . 
Photomicrographs  were  taken  on  Adox  KB  14  film  (ASA 
20) .  Films  were  developed  at  18°C  in  Perinal  diluted 
1:8,  placed  in  3%  acetic  acid,  and  fixed  in  acid 
fixer  (Eastman  Kodak  Company) .  The  film  was  then 
washed  for  a  half  hour  in  running  tap  water  con¬ 
trolled  at  18°C,  dipped  in  Photo-flo  (Eastman  Kodak 
Company) ,  and  hung  to  dry. 

Prints  were  made  using  a  Beseler  Enlarger,  Model 
45MX,  on  Kodabromide  single  weight  F-4  paper,  and 
developed  with  Dectol  diluted  1:1. 

G.  Non-Radioactive  Calcium  Culture  Solutions 

Seeds  of  mustard  and  corn  were  germinated  as 
mentioned  above.  Germinated  seeds  of  average  size 
were  placed  on  paraffin-coated  paper  floats  that 
had  small  holes  pierced  through  them  to  allow  the 
the  roots  to  grow  down  into  the  solution. 

1.  EDTA  Solutions 

A  series  of  ten  different  EDTA  concentrations 
were  prepared  by  adding  quantities  of  EDTA 
(saturated  solutions  at  room  temperature)  to 
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200  c.c.  of  a  solution  of  CaS04^°  M  with 
.2  X  10  boric  acid  to  study  the  effects  of 
calcium  concentration  on  the  root  cell  walls. 

2.  Solutions  of  Different  pH  Concentrations 

A  series  of  ten  tris  buffered  pH  concentrations 

-2 

from  2  to  13  were  made  up  with  CaS04 ^ °  M  to 
study  the  effect  of  pH  on  calcium  incorporation. 

3.  Boric  Acid  Solutions 

A  series  of  ten  boric  acid  concentrations  were 
made  up  (0  to  . 2M)  and  placed  in  a  constant 
calcium,  pH  8.2  mixture  for  corn  and  pH  7.4  for 
mustard  to  study  the  effect  of  boric  acid  on 
calcium  incorporation  and  translocation. 

II.  Translocation  and  Distribution  Studies  Using  Ca^^ 

A.  Radioautographic  Technique 

The  radioautographic  technique  was  identical 
to  that  already  described.  When  the  microtome 
method  is  used,  serial  sections  are  carefully 
prepared  so  that  distances  from  the  tip  may  be 
calculated. 

B.  Quantitative  Test  For  Calcium  Distribution  By 
Means  of  a  Geiger  Counter 

Seedlings  were  prepared  as  in  section  I-A 
(The  Introduction  of  Radioactive  Calcium) .  The 
seedlings  were  well  washed  with  several  changes 
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of  CaCl2.  Next  the  roots  were  severed  from  the 
seedlings  and  each  root  cut  into  short  pieces  of 
a  specific  length  beginning  at  the  apical  end.  In 
some  of  the  roots,  the  stele  was  separated  from  the 
cortex  of  each  small  piece  by  means  of  a  fine  pair 
of  needles.  Each  piece  in  series  was  then  removed 
by  forceps  and  placed  on  a  numbered  piece  of  glossy 
paper,  then  dried  in  an  oven  at  40°C.  Following 
drying,  each  piece  was  weighed  individually  on  a 
Gramatic  Balance,  crushed  in  a  test  tube  mortar  with 
a  glass  rod  pestle,  covered  with  demineralized  dis¬ 
tilled  water,  filtered  on  to  a  glass  fiber  paper 
(No.  934-AH) ,  dried  on  a  planchet,  and  the  radio¬ 
activity  counted  on  a  Geiger  counter  (Nuclear 
Chicago  Model  186) . 
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RESULTS 

EXPERIMENTS  WITH  Sinapis  alba  AND  Zea  mays 

I .  Cell  Wall  Studies 

A.  Radioactive  Calcium 

Before  presenting  the  results  obtained  by 
radioautography,  some  explanation  of  termin¬ 
ology  is  necessary. 

Radioautograph:  A  record  of  radio¬ 

activity  shown  by  the 
darkening  of  grains  of 
silver  in  the  emulsion 
covering  the  labelled 
material , 

Photoradioautograph:  A  photograph  of  a 

radioautograph  taken 
at  one  point  of  focus 
of  the  microscope  at 
one  level  in  the 
emulsion . 

Although  the  photoradioautograph  shows 
whether  radiation  has  occurred  or  not,  it  only 
records  the  radioactivity  at  one  depth  of  focus 
and  over  a  limited  portion  of  the  microscopic 
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field.  The  photoradioautographs  presented  in 
this  thesis  will  supplement  the  observations 
made  by  focussing  up  and  down  with  the  micro¬ 
scope  on  the  radioautograph  itself.  It  should 
also  be  borne  in  mind  that  all  blackening 
shown  in  a  photoradioautograph  is  not  due  to 
radiation.  An  area  darkened  by  radiation  can 
be  distinguished  from  a  non-radioactive 
darkened  area  by  a  conspicuous  granular  or 
specked  outer  border. 

1.  Epidermal  Cell  Studies 

In  this  thesis,  the  experiments  with  corn 
and  mustard  roots  can  be  described  best  by 
photographic  enlargements  of  radioauto¬ 
graphs.  A  special  feature  of  mustard  roots 
is  the  differentiation  of  the  epidermis  into 
alternating  rows  of  short  and  long  cells , 

(18,  24) .  Normally  the  short  cells  produce 
the  hairs,  while  the  long  cells  remain  hair¬ 
less  .  The  epidermis  of  corn  roots  is  not 
differentiated.  All  the  cells  are  alike  and 
any  cell  may  form  a  root  hair. 

Figure  4  shows  a  row  of  three  epidermal 
cells  as  seen  in  three-dimensional  view  at 
the  stage  of  early  root-hair  formation  and 
should  be  referred  to  for  an  understanding 
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FIGURE  4 


Diagram  of  an  epidermal  cell  and  its  root 
hair,  with  the  surrounding  cells  in  three 
dimensional  view.  The  terms  used  in  the 
text  are  labelled  on  the  diagram. 
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of  the  various  walls  and  surfaces  referred 
to  in  the  text  to  describe  the  localization 
of  radioactivity  in  the  epidermal  and  root 
-hair  cell  walls. 

In  general,  calcification  of  the  epi¬ 
dermal  cell  walls  in  the  region  of  root-hair 
formation,  some  1500-2500  y  from  the  root 
apex,  is  very  slight.  Some  pieces  of  epi¬ 
dermal  tissue  at  this  stage  of  development 
show  merely  a  trace  of  cell  wall  calcifi¬ 
cation  while  others  show  none  at  all.  As 
mentioned  already,  a  characteristic  feature 
of  the  short  epidermal  cells  of  mustard  roots 
is  their  ability  to  "push  out"  small  papillae 
which  become  the  root  hairs.  The  distribution 
of  Ca^^^  in  the  walls  of  a  row  of  plasmolyzed 
short  epidermal  cells  is  shown  in  Figure  5. 
Ca^^  is  concentrated  in  the  transverse  walls 
of  the  short  cells,  slightly  less  concentrated 
along  the  basal  end  of  the  outer  tangential 
wall  and  definitely  absent  along  the  apical 
end  of  the  outer  tangential  wall. 

Although  calcium  is  becoming  incorporated 
into  the  cell  walls  of  trichoblasts  (hair 
-forming  cells)  at  a  slow  rate  (Fig.  5) ,  it 
is  strongly  concentrated  in  the  cytoplasm. 
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Radioactivity  in  the  cytoplasm  appears  as  a 
solid  blackened  area  (Fig.  5)  but  when 
viewed  with  the  microscope  at  different 
points  of  focus,  distinct  patterns  of 
radiation  can  be  discerned.  These  distinct 
patterns  of  radiation  are  such  as  to  suggest 
that  calcium  is  translocated  and  possibly 
incorporated  in  the  endoplasmic  reticulum. 

Even  around  the  nucleus,  distinct  circles  of 
radiation  can  be  observed. 

As  the  epidermal  cell  matures  and  the 
papilla  becomes  a  root  hair,  calcification 
procedes  at  a  rapid  rate  (Fig.  6) .  In  the 
epidermal  cell  (Fig.  6)  calcium  is  definitely 
concentrated  in  the  tangential  walls.  In  the 
hair  itself  (Fig.  6)  calcium  is  more  concen¬ 
trated  along  the  basal  convex  wall  than  along 
the  apical  concave  wall.  The  specific  locali¬ 
zation  of  incorporated  calcium  is  even  more 
striking  in  Figure  7 ,  taken  at  a  somewhat 
higher  magnification.  In  the  longer  hair 
at  the  right-hand  side  of  Figure  7,  the 
root-hair  wall  is  out  of  focus,  but  the 
cytoplasmic  membranes  are  sharply  in  focus 
and  show  strong  radiation.  The  regular  and 
more  densely  radiated  boundary  marking  the 
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FIGURE  5 


FIGURE  6 


FIGURE  7 


Plate  i 

(X325)  Photoradioautograph  of  an  epidermal 
strip  with  a  papilla  from  a  mustard  root 
grown  in  moist  air.  Arrows  (a)  and  (b)  show 
the  stronger  calcification  of  the  basal  end 
of  the  outer  tangential  wall.  Arrow  (c)  shows 
the  strands  of  radiation  from  the  cytoplasm  to 
the  papilla  wall  tip. 


(X325)  Photoradioautograph  of  an  epidermal 
strip  with  papillae  and  short  root  hairs  from 
a  mustard  root  grown  in  moist  air.  Radiation 
is  obvious  not  only  along  the  outer  tangential 
wall  but  also  along  the  inner  tangential  wall. 
The  radiation  in  the  hair  is  more  concentrated 
along  the  basal  convex  than  along  the  apical 
concave  wall. 


(X810)  Photoradioautograph  of  an  epidermal 
strip  from  a  mustard  root  grown  in  moist  air. 
The  long  slightly  plasmolyzed  hair  has  the 
cytoplasmic  boundary  well  delineated  by 
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position  of  the  cytoplasmic  membrane  suggests 
that  calcium  is  an  integral  part  of  the 
cytoplasmic  membrane. 

The  study  of  thin  transverse  sections 
(Figs.  8-11)  reveals  similar  differences  in 
calcium  distribution.  The  distribution  of 
calcium  in  the  cell  walls  of  a  corn  root  is 
shown  in  the  photoradioautographs  (Figs .  8 
and  9) .  Calcification  of  the  walls  at  the 
corners  of  the  cells  is  slightly  greater 
than  that  along  the  side  walls,  while  the 
outer  tangential  epidermal  cell  wall  is 
usually  less  calcified  than  the  radial  and 
inner  tangential  walls  (Fig.  8)  in  immature 
sections.  At  a  somewhat  higher  level  (Figure 

9)  the  accumulation  of  Ca'^^  in  the  corners 

is  less  distinct.  Since  these  cortical  cells 
have  lost  their  cytoplasm,  radioactivity 
along  their  walls  is  exceptionally  clear. 
There  is  also  slight  radiation  along  the 
tangential  and  radial  walls  of  the  epidermal 
cells  at  this  same  stage  (Fig.  9) .  Another 
transverse  section  of  a  mustard  root  (Fig. 

10)  shows  that  calcium  is  localized  around 
the  vascular  bundles  and  in  the  epidermis . 

An  exceedingly  dark  area  in  the  epidermal 
region  represents  the  position  of  a  short 
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FIGURE  8 


FIGURE  9 


Plate  II 


(X250)  Photoradioautograph  of  a  transverse 
section  of  a  corn  root  about  450  y  from 
the  root  apex.  The  cell  walls  are  well 
indicated  by  the  radiation.  Radiation  at 
the  corners  is  more  intense  than  along  the 
side  walls. 


(X810)  Photoradioautograph  of  a  transverse 
portion  of  the  epidermis  and  two  rows  of 
cortical  cells  of  a  corn  root.  The 
radiation  is  from  the  cell  walls.  The 
hair  extending  from  the  epidermis  is  poorly 
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hair-producing  cell  and  the  light  areas 
between  two  such  dark  areas  represents  the 
position  of  hairless  long  cells.  Figure  11, 
taken  at  a  higher  magnification,  shows  that 
the  walls  of  the  short  hair-producing  cells 
are  much  more  strongly  calcified  along  the 
radial  and  inner  tangential  wall  than  those 
of  the  long  cells. 

2.  Root-hair  Studies 

The  observations  of  calcium  distribution 
in  the  root-hair  wall  obtained  in  the 
present  study  are  in  close  agreement 
with  those  recorded  in  the  earlier 
work  (33) . 

At  the  very  outset  of  root-hair  develop¬ 
ment  (Fig.  5)  differences  in  the  distribution 
of  Ca^^  in  the  still  elongating  cell  walls 
are  clearly  evident.  There  is  virtually  no 
calcium  in  the  outer  tangential  wall  of  the 
papilla-forming  cell  or  in  the  wall  of  the 
papilla  itself  (Fig.  5) .  Although  the  bulk 
of  the  cytoplasm  in  the  papilla  itself  has 
drawn  well  away  from  the  cell  wall,  the 
darkened  strands  of  radiation  in  the  papilla 
tip  (arrow  (c) ,  Figure  5)  could  represent 
delicate  cytoplasmic  strands  still  connecting 
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FIGURE 


FIGURE 


Plate  III 


10  (X250)  Photoradioautograph  of  a  transverse 

section  of  a  mustard  root  at  1020  y  from 
the  root  apex.  The  more  intense  radiation 
above  the  epidermal  region  represents  the 
short  cells.  Radiation  is  also  observed  in 
the  xylem  region  of  the  stele. 


11  (X325)  Photoradioautograph  of  a  semi 

-transverse  section  of  a  mustard  root  at 
480  y  from  the  root  apex.  Radiation  above 
the  walls  of  the  short  cells  is  very  obvious. 
The  long  cells  in  the  epidermis  have  much 
less  radiation  than  the  short  cells. 
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the  growing  tip  of  the  papilla  with  the 
cytoplasm.  These  cytoplasmic  strands  are 
even  more  apparent  in  the  short  hairs  shown 
in  Figure  12,  (arrow  a) .  In  these  short 
actively-growing  hairs  (Fig.  12),  calcifi¬ 
cation  is  more  intense  along  the  basal 
convex  wall  than  along  the  apical  concave 
wall  of  the  hair.  Calcification  is  almost 
as  intense  at  the  base  of  the  hair  as  it 
is  along  the  adjacent  tangential  wall  of 
the  epidermal  cell  itself. 

In  a  much  longer  hair  (Fig.  13) ,  Ca^^  is 
distributed  throughout  the  length  of  the 
root-hair  wall.  Radioactivity  diminishes 
gradually  from  the  base  of  the  hair  where 
it  is  decidedly  concentrated,  to  the  very 
tip  where  it  is  very  faint  or  almost 
absent.  Differences  in  degree  of  darkening 
in  a  photoradioautograph  do  not  always 
correspond  to  differences  in  degree  of  radio¬ 
activity.  For  instance,  the  portion  of  the 
wall  (arrow  a)  appears  lighter  than  the  rest 
of  the  hair  wall  because  it  is  not  sharply 
in  focus.  On  the  other  hand,  the  tip  of  the 
hair  (arrow  c)  is  sharply  in  focus  but  appears 
lighter  because  of  low  radioactivity  over  the 
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FIGURE 


FIGURE 


Plate  IV 


12  (X810)  Photoradioautograph  of  an  epidermal 

strip  with  a  row  of  cortex  still  attached, 
from  a  mustard  root.  Radiation  along  the 
end  walls  of  the  cortical  cells  is  very 
intense.  Also  the  radiation  along  the 
basal  convex  wall  of  the  hair  (arrow  b)  is 
more  intense  than  the  apical  concave  wall. 
Cytoplasmic  strands  indicated  by  lines  of 
radiation  in  the  root-hair  tip  are  obvious 
(arrow  a) . 


13  (X810)  Photoradioautograph  of  a  longer 

plasmolyzed  hair  of  a  mustard  root. 
Radiation  increases  gradually  from  the 
root-hair  tip  (arrow  c)  to  the  base  of  the 
root  hair  (arrow  b) .  The  root-hair  dome 
has  very  little  radiation.  Immediately 
adjacent  to  the  epidermis,  the  root  hair  is 
out  of  focus  (arrow  a) . 
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rounded  tip. 

Figure  14  is  of  a  mustard  root  hair 
developed  on  a  root  whose  tip  was  immersed 
in  Ca^^.  The  results  obtained  by  this 
method  are  similar  to  those  obtained  when 
seedling  roots  are  grown  on  moist  filter 
paper,  except  that  radioactivity  is 
usually  more  intense  and  more  uniformly 
distributed  along  the  whole  length  of  the 
hair.  In  this  particular  hair  (Fig.  14) 
the  hair  has  burst  at  the  tip  (plasmoptysis) . 
In  general,  roots  grown  in  a  strong  Ca*^^ 
solution  show  intense  radioactivity  through¬ 
out  the  root-hair  wall  and  the  hairs  them¬ 
selves  are  much  shorter  than  those  developed 
on  roots  grown  in  less  concentrated  Ca^^ 
solutions.  A  non-plasmolyzed  root  hair  of 
white  mustard  grown  in  contact  with  Ca^^  is 
shown  in  Figure  15.  Radioactivity  in  both 
the  cytoplasm  and  root-hair  wall  is  con¬ 
spicuous.  The  interesting  feature  of  this 
particular  root  hair  is  that  radioactivity 
is  much  more  intense  over  the  rounded  dome 
of  the  root-hair  tip  than  that  shown  along 
the  side  walls.  There  is  no  doubt  as  to 
the  presence  of  Ca^^  in  the  rounded  dome  of 
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the  root-hair  tip  (Fig.  15)  but  there  is 
some  evidence  (92)  to  show  that  here 
calcium  forms  a  complex  with  secretions 
other  than  pectic  substances  and  that  the 
wall  at  the  tip  is  weaker  than  if  it  con¬ 
sisted  of  calcium  pectate.  The  presence 
of  weaker  cell-wall  materials  at  the  very 
tip  of  the  root  hair  could  explain  the 
continued  growth  of  the  hair  at  this  point. 

The  distribution  of  Ca'^^  along  the  root 
hair  and  epidermal  cell  walls  of  a  corn 
root  grown  in  moist  air  (Fig.  16)  is  almost 
identical  to  that  observed  in  mustard  roots 
grown  under  the  same  conditions.  However, 
in  corn,  the  difference  in  the  amount  of 
radiation  at  the  opposite  ends  of  the  outer 
tangential  wall  of  a  single  epidermal  cell 
is  not  nearly  so  well  defined  as  it  is  in 
mustard  roots. 

II.  Translocation  and  Distribution  Studies  by  the 

Radioautographic  Technique,  and  Culture  Solutions 
A.  Radioautographic  Technique 

The  results  of  this  series  of  experiments 
show  that  Ca*^^  is  translocated  through  the  root 
tip  when  the  root  tip  is  immersed  in  the  Ca^^ 
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Plate  V 

FIGURE  14  (X250)  Photoradioautograph  of  a  plasmolyzed 

root  hair  of  a  mustard  root  which  was  treated 
by  the  root-tip  immersion  method.  Radiation 
is  very  strong  along  the  whole  length  of  the 
root-hair  wall . 

FIGURE  15  (X950)  Photoradioautograph  of  a  root  hair 

of  a  white  mustard  root  grown  by  the  moist- 

air  method.  The  filter  paper  was  saturated 

with  the  Ca^^Cl  solution.  Radiation  is 

2 

shown  along  the  wall,  in  the  cytoplasm  and 
in  the  root-hair  dome. 

FIGURE  16  (X250)  Photoradioautograph  of  a  corn  root 

grown  in  moist  air.  The  root  tip  is  almost 
out  of  focus.  Calcification  is  uniform 
along  the  root-hair  wall. 
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solution.  The  pattern  of  radioactivity 
exhibited  by  a  mustard  root  tip  induced  by 
this  method  is  shown  in  Figure  17.  The  most 
intense  radiation  occurs  directly  opposite  the 
meristematic  region  near  the  root  apex.  The 
central  white  area  which  represents  the  approxi¬ 
mate  position  of  the  stele,  is  so  far  out  of 
focus  that  radiation  produced  by  this  region  is 
not  shown  in  this  photoradioautograph.  A 
longitudinal  section  of  a  young  corn  root  tip 
made  from  a  root  which  was  also  grown  by  the 
root-tip  immersion  technique  is  shown  in 
Figure  18.  In  this  instance  the  whole  root  tip 
is  extremely  radioactive.  The  intense  radiation 
visible  in  the  stelar  region  of  this  root 
suggests  that  Ca^^  is  being  translocated  up¬ 
wards  in  this  region. 

Roots  grown  on  filter  paper  moistened  with 
Ca*^^  show  traces  of  radiation  in  both  the 
region  of  cell  elongation  and  in  the  region  of 
root-hair  formation  (Figures  19  and  20) . 
Radiation  is  obvious  along  the  tangential  walls 
of  the  youngest  and  as  yet  hairless  epidermal 
cells  (Fig.  19).  Then,  in  the  first  papilla 
-forming  cells,  radiation  diminishes  until  the 
region  of  short  hairs  is  reached  when  it  in- 
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Plate  VI 


FIGURE  17  (X125)  Photoradioautograph  of  a  whole  mount 

of  a  mustard  root  tip  treated  by  the  root 
-tip  immersion  method.  Only  the  emulsion  on 
the  sides  is  in  focus.  Radiation  is  most 
intense  opposite  the  meristematic  region. 

FIGURE  18  (X125)  Photoradioautograph  of  a  longitudinal 

section  of  a  corn  root  treated  by  the  root 
-tip  immersion  method.  Radiation  is  intense 
over  the  tip  but  soon  becomes  localized  in  the 
stele . 


FIGURE  19  (X125)  Photoradioautograph  of  an  epidermal 

strip  of  a  white  mustard  root  treated  by  the 
moist-air  method.  Radiation  is  present  in  the 
cells  in  the  region  of  elongation,  decreases 
along  the  papillae-forming  cells  but  increases 
again  in  the  region  of  long  hairs. 

FIGURE  20  (X125)  Photoradioautograph  of  an  epidermal 

strip  of  a  white  mustard  root  treated  by  the 
moist-air  method.  The  radiation  is  very 
similar  to  Figure  19.  The  contrast  between 
the  radiation  in  the  region  of  short  hairs  and 
that  of  the  long  hairs  is  more  marked. 
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creases  in  intensity  once  more.  In  general, 
the  papillae  and  shortest  root  hairs  show 
less  radiation  than  do  the  older  and  longer 
root  hairs.  This  observation  suggests  that 
there  is  a  relationship  between  the  age  or 
the  length  of  a  root  hair  and  the  amount  of 
radioactivity  recorded  in  the  photoradioauto¬ 
graph.  Differences  in  the  degree  of  radiation 
between  the  longer  hairs  and  the  shorter  hairs 
may  be  due  in  part  to  the  fact  that  the 
longer  hairs  are  in  contact  with  the  moistened 
surface  of  the  filter  paper  while  the  short 
hairs  are  elevated  above  the  filter  paper  by 
the  arching  of  the  root.  It  has  been  observed 
in  many  experiments  that  the  root  tip  makes 
contact  with  the  moistened  filter  paper  and 
then  the  root  immediately  bends  or  arches  up¬ 
wards  only  to  make  contact  with  the  filter 
paper  again  in  the  region  of  the  longer  or 
older  hairs.  This  peculiar  tropism  is  illus¬ 
trated  in  Figure  21.  Since  the  root  cap  is 
almost  impermeable  and  only  a  small  portion 
of  the  root  apex  is  in  actual  contact  with 
the  moistened  filter  paper,  it  is  believed 
that  only  a  trace  of  Ca^^  enters  the  root 
through  the  root  apex  and  becomes  localized  in 
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the  meristematic  region.  As  mitotic  divisions 
occur,  the  concentration  in  successive 

root  cells  diminishes  until  such  a  point  is 
reached  where  the  long  root  hairs  are  in  con¬ 
tact  with  the  moistened  filter  paper,  and,  Ca*^^ 
is  absorbed  into  the  root  once  again.  That 
Ca^^  is  absorbed  by  the  longer  hairs  is  shown 
by  the  intense  radiation  in  the  region  of  the 
longer  hairs  (Fig.  19).  There  is  an  apparent 
difference  in  the  intensity  of  radiation  between 
the  walls  of  the  hair-forming  cells  and  those 
that  remain  hairless  (Figs.  22  and  23) .  On  the 
other  hand,  the  epidermis  of  the  mustard  root 
grown  in  a  strong  Ca^^  solution  (Fig.  24)  is 
extremely  dark  over  its  whole  length.  A  care¬ 
ful  examination  of  the  epidermis  of  the  radio¬ 
autograph  reveals  that  the  long  hairless  cells 
are  less  radioactive  than  the  short  hair 
-forming  cells.  These  differences  in  radiation 
are  much  more  evident  in  transverse  sections 
(Figures  10,  11,  28,  and  31). 

More  information  concerning  the  translocation 
and  distribution  of  Ca*^^  in  the  root  can  be 
obtained  by  the  study  of  transverse  sections 
made  at  different  levels  from  the  root  apex 
(Figs .  25  to  31) . 
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FIGURE 


FIGURE 


Plate  VII 

21  (XI)  Diagram  of  the  moist-air  method  of 
treating  corn.  The  tropism  displayed  at 
the  corn  root  tip  is  common  in  this  method 
of  treating  seedlings. 

22  (X810)  Photoradioautographs  of  a  white 
mustard  root  hair  treated  by  the  moist-air 
method,  where  the  filter  paper  is  saturated 
with  Ca*^^.  The  intense  radiation  at  the 
root-hair  tip  shows  that  Ca^^  was  relatively 
abundant  at  this  region. 
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Plate  VIII 


FIGURE  23  (X810)  Photoradioautograph  of  a  strip  of 

mustard  epidermis  showing  a  root  hair  treated 
by  the  moist-air  method.  The  long  cells  on 
the  epidermis  are  not  as  strongly  radioactive 
as  is  the  short  cell  to  which  the  hair  is 
attached . 


FIGURE  24  (X810)  Photoradioautograph  of  a  strip  of 

epidermis  of  a  white  mustard  root  grown  in  a 
Ca^^Cl2  solution.  Radioactivity  is  intense 
and  evenly  distributed  over  the  walls  of  the 
hair-producing  cell,  the  side  walls  of  the 
hair  and  over  the  root-hair  dome  . 


i- 


5*._ .  -cn  ^  V 


'•H^-  :'  J, 


•  ■^'% 
•  <- 


.•  ......  ■’•:* .  ■'•Hi 

*  a 

rr  .!■  fciiu. 


'  ♦. 


i  ■ 


K  '  9 

i'i  -  • 


Y  * 

ef  a  strip  of 

i' 

tJs’^rT  a  root  hair  treated 

‘The  long  cells  on 
as  strongly  ifadioactiv® 
the  hair  is 


•>  / 


K?  2  ^ 


f*^-  . 


*-  >f 


^*i».. 

r  ^  '■ 

*fH  ,  * 

4' 

•  tf 


*£■ 


«  , 


.’  ;* 

.:v 


jl:  ‘  ‘ 

'  *  % 

*F  ^ 

<••;  vfr  's*‘j;to-»  “Aph  of  a  strip  of 

jjj 

mu'; fil'd  ro^t  grown  in  a 

t  v  ~ 

ttadioAci: tv^ity  it  intense 
r  the  walla  of  the 


I'd 


-•i  *  f  rv'2t*h5ir 


11s  of .the 


•-  w». 


•c 

>1'  *  / 


43 


Figure  25  is  a  photoradioautograph  of  the 
section  closest  to  the  root  apex  and  shows 
several  rows  of  root  cap  cells  and  a  few  cells 
of  the  central  portion  of  the  root  meristem. 

At  this  level  of  root  development  there  is 
essentially  no  Ca^^  in  either  the  walls  or 
cytoplasm  of  the  root  cap  cells  but  it  is 
present  in  the  walls  of  the  meristematic  cells. 
The  greater  radioactivity  on  one  side  of  some 
of  these  sections  (Figs.  25  and  26)  than  on  the 
opposite  side  is  due  to  the  fact  that  they  were 
cut  somewhat  obliquely.  In  the  next  section 
(Fig.  26)  of  this  series,  cut  some  140  y 
above  the  root  apex,  Ca*^^  is  localized  in  the 
cytoplasm  and  in  the  walls  of  the  meristematic 
cells.  The  three  rows  of  surrounding  root  cap 
cells  are  scarcely  visible.  At  a  higher  level 
still,  about  450  y  above  the  root  apex,  (Fig. 
27)  there  is  greater  localization  of  Ca*^^  in 
the  small  cortical  intercellular  spaces  and  in 
the  region  of  xylem  differentiation.  In  the 
next  section  (Fig.  28) ,  some  580  y  above  the 
root  apex,  the  intercellular  spaces  are  much 
larger  and  appear  very  dark  from  radiation. 

The  inner  row  of  intercellular  spaces  shows 
greater  radiation  than  the  two  outer  rows.  At 
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FIGURE 


FIGURE 


Plate  IX 


25  (X250)  Photoradioautograph  of  a  transverse 
section  of  a  white  mustard  root  70  y  from 
the  root  apex.  The  section  is  cut  slightly 
obliquely.  Radiation  is  evident  in  the 
region  of  the  meristem  nearest  the  bottom  of 
the  picture. 

26  (X250)  Photoradioautograph  of  a  transverse 
section  of  the  same  white  mustard  root  as 
that  of  Figure  25,  140  y  from  the  root  apex. 
Radiation  is  quite  intense  above  the  meris- 
tematic  cells. 
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FIGURE 


FIGURE 


Plate  X 

27  (X250)  Photoradioautograph  of  a  transverse 

section  of  a  white  mustard  root,  treated  by 
the  moist-air  method,  cut  450  y  from  the 
root  apex.  Small  cortical  intercellular 
spaces  show  conspicuous  darkening.  The 
slightly  more  intense  radiation  in  the 
stele  is  above  the  xylem. 


28  (X250)  Photoradioautograph  of  a  transverse 

section  of  a  white  mustard  root  treated  by 
the  moist-air  method,  cut  580  y  from  the 
root  apex.  A  short  cell  is  indicated  by  the 
arrow.  The  radiation  above  the  intercellular 
spaces  is  much  more  intense  than  in  Figure 
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this  level  of  root- tip  development,  two  rows 
of  root-cap  cells  still  surround  the  root 
proper  and  the  epidermis  is  differentiated 
already  into  long  and  short  cells. 

In  the  transverse  section  shown  in  Figure 
29,  which  was  cut  some  900  u  from  the  root 
apex,  radiation  in  the  extremely  small  inter¬ 
cellular  spaces  is  obvious,  but  not  dense. 

It  would  appear  from  an  examination  of  this 
photoradioautograph  (Fig.  29)  that  Ca^^  has 
definitely  reached  the  short  cells  lying 
directly  opposite  the  intercellular  spaces. 

In  the  next  transverse  section  from  the  same 
root,  cut  at  a  distance  of  about  1300  y 
above  the  root  apex,  (Figure  30) ,  Ca^ ^  is 
much  more  strongly  concentrated  in  the  inter¬ 
cellular  spaces  nearest  the  stele.  There  is 
also  a  well  defined  border  of  radiation 
surrounding  the  transverse  section.  But  since 
this  root  was  grown  directly  in  contact  with 
Ca^ ^  this  outer  border  of  radiation  may  not 
signify  that  Ca^^  is  bound  to  the  pectic 
materials  of  the  epidermal  cell  walls  as 
calcium*^  ^  pectate. 

The  transverse  section  (Figure  31)  cut  from 
a  different  root  than  Figures  29  and  30  but 
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Plate  XI 

FIGURE  29  (X250)  Photoradioautograph  of  a  transverse 

section  of  a  white  mustard  root  900  y  from 
the  root  apex.  Radiation  from  the  inner 
row  of  intercellular  spaces  and  the  walls 
between  these  spaces ,  almost  form  a  complete 
ring  of  radiation.  Radiation  extends  back 
from  this  inner  ring  of  radiation  in  radial 
lines  along  the  radial  cell  walls  to  the 
short  cells. 


FIGURE  30  (X250)  Photoradioautograph  of  a  transverse 

section  of  a  white  mustard  root  (from  the 
same  root  as  Figure  29)  1300  y  from  the  root 
apex.  There  are  three  rows  of  radiation 
from  the  intercellular  spaces.  Surrounding 

the  root  is  a  row  of  radiation  believed  to 
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treated  in  the  same  way,  is  from  the  region  of 
mature  root  hairs.  Radiation  is  largely  con¬ 
fined  to  the  stele  and  the  epidermis,  with 
faint  rays  of  radiation  extending  from  the 
short  cells  in  the  epidermis  to  the  stele. 

Areas  of  intense  radiation  in  the  epidermis 
represent  the  position  of  the  short  cells. 

The  translocation  of  Ca^^  from  the  seed  to 
the  root  tip  may  be  compared  with  the  trans¬ 
location  of  leucine.  Earlier  work  with  leucine 
has  shown  that  this  substance  is  translocated 
downward  into  the  root  extending  to  the  apex  (34) . 
Ca^^^  is  different  in  that  it  is  not  translocated 
down  the  stele  of  the  root  (Fig.  32)  .  The 
radiation  visible  in  Figure  32  is  due  entirely 
to  the  movement  of  Ca^^  by  surface  adsorption 
from  the  point  of  introduction.  When  boric 
acid  is  added  to  the  Ca^^  solution,  downward 
translocation  into  the  root  takes  place.  This 
observation  will  be  referred  to  again  in  the 
section  dealing  with  the  Geiger  counter  studies. 

B.  Non- Radioactive  Calcium  Culture  Solutions 

For  each  experiment,  a  longitudinal  root 
section  is  selected  which  is  believed  to  be 
representative  of  the  different  root  sections. 
These  sections  will  be  described  best  with 
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Plate  XII 


FIGURE  31  (X250)  Photoradioautograph  of  a  transverse 

section  of  a  white  mustard  root  1900  y 
from  the  root  apex,  (region  of  mature  root 
hairs) .  Radiation  is  intense  above  the  short 
cells  of  the  epidermis  and  in  the  stele. 
Radial  rays  of  radiation  extending  from  the 
short  cells  to  the  stele  are  also  obvious. 


FIGURE  32  (X80)  Photoradioautograph  of  a  longitudinal 

section  of  a  corn  root  immediately  next  to 
the  seed.  The  root  was  treated  by  introducing 
calcium  through  a  hole  bored  in  the  endosperm. 

The  radiation  along  the  root  epidermis  is  from 
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reference  to  photomicrographs.  Since  only  a 
portion  of  the  longitudinal  section  of  the 
root  can  be  photographed  at  the  desired  magni¬ 
fication,  the  section  will  be  represented  by 
two  photomicrographs,  one  of  the  root  tip 
and  the  other  of  the  mature  region  of  the  root. 
Since  roots  in  culture  solutions  are  commonly 
curved,  the  longitudinal  sections  are  not  con¬ 
tinuous  so  it  is  impossible  to  have  the  second 
photomicrograph  begin  at  a  specific  distance 
from  the  root  tip. 

1.  Series  of  Disodium  versenate 

The  root  from  which  Figures  39  and  40 
were  made  is  slightly  narrower  than  the 
others  of  this  series  and  all  the  cells 
are  smaller  and  more  compactly  arranged. 

In  the  root  (Figs.  33,  34)  grown  in  the 
strongest  Na2  EDTA  solution  and  therefore 
with  the  least  amount  of  available  calcium, 
the  cortical  cells  are  large  and  are  un¬ 
evenly  arranged.  The  epidermal  cells  are 
compressed  and  some  of  them  have  separated 
from  the  cortical  cells  along  their  end 
walls.  Root  hairs  are  sparsely  developed. 
When  present  they  are  not  much  longer  than 
the  papillae  and  are  thin  walled.  In  the 
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root  (Figs.  35,  36)  grown  in  a  less  concen¬ 
trated  Na2  EDTA  solution,  the  cortical  cells 
(Fig,  36)  are  more  evenly  arranged  than  in 
Figure  34,  but  as  characteristic  of  roots 
grown  in  solutions  deficient  in  calcium, 
their  end  walls  are  noticeably  undulated. 

The  epidermal  cells  of  Figures  35  and  36  are 
also  more  normal  in  appearance  although  the 
wall  is  definitely  bulged  at  the  base  of 
a  papilla.  Root  hairs  are  more  numerous, 
longer  and  straighter  than  in  roots  grown  in 
stronger  Na2  EDTA  solution.  The  next  root 
(Fig.  37,  38) ,  grown  in  a  less  concentrated 
Na2  EDTA  solution,  shows  no  sign  of  calcium 
deficiency.  The  epidermal  and  cortical 
cells  are  evenly  arranged  with  regular  and 
straight  walls.  The  overall  width  of  this 
root  is  conspicuously  greater  than  that  of 
either  of  the  other  two  roots  (Figs.  33,  34 
and  35,  36).  In  the  root  (Figs.  39,  40) 
grown  in  the  least  concentrated  Na2  EDTA 
solution,  the  cortical  cells  are  smaller  and 
arranged  in  very  straight  rows.  The  epider¬ 
mal  cells  are  relatively  large,  hairless  and 
evenly  arranged  in  long  rows. 

2.  Series  of  pH 

Early  vacuolation,  irregular  undulated  cell 
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Plate  XIII 

All  of  the  photomicrographs  are  longitudinal  sections 
of  white  mustard  roots  grown  in  saturated  solutions  of 
CaS04  buffered  at  pH  8.2,  with  1  cc .  of  boric  acid  added  to 
each  solution  and  varying  amounts  of  Na2  EDTA.  Each  pair 
of  photomicrographs  at  one  level  on  the  plate  are  of  the 
same  root  grown  in  a  particular  concentration  of  Na2  EDTA. 

FIGURES  33  and  34  Photomicrographs  of  roots  grown  in 

the  culture  solution  with  30  cc.  of 
saturated  Na2  EDTA  solution  added. 
Figure  33  is  a  photomicrograph  of  the 
root  tip.  Figure  34  is  a  photomicro¬ 
graph  of  a  section  of  the  same  root 
as  Figure  33  beginning  at  3.18  mm's 
from  the  root  apex.  The  epidermis  is 
compressed.  Cortical  cells  are  large 
and  the  walls  are  very  irregular,  often 
being  difficult  to  trace. 

FIGURES  35  and  36  Photomicrographs  of  roots  grown  in  the 

culture  solution  with  10  cc.  of  satur¬ 
ated  Na2  EDTA  solution  added.  Figure 
35  is  a  photomicrograph  of  the  root  tip. 
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Plate  XIII 
(continued) 

Figure  36  is  a  photomicrograph  of  a 
section  of  the  same  root  as  Figure 
35,  beginning  at  8.41  mm's  from  the 
root  apex.  The  cortical  cells  are 
more  evenly  arranged  than  those  in 
Figure  34 ,  although  the  end  walls 
are  undulated. 

FIGURES  37  and  38  Photomicrographs  of  a  root  grown  in 

the  culture  solution  with  2.5  cc.  of 
saturated  Na2  EDTA  solution  added. 
Figure  37  is  a  photomicrograph  of  the 
root  tip.  Figure  38  is  a  photomicro¬ 
graph  of  a  section  of  the  same  root 
as  Figure  37,  beginning  at  5.21  mm's 
from  the  root  apex.  The  cells  are  in 
even  rows  with  little  undulation  of  the 
end  walls. 

FIGURES  39  and  40  Photomicrographs  of  roots  grown  in  the 

culture  solution  with  1.0  cc.  of 
saturated  Na2  EDTA  solution  added. 
Figure  39  is  a  photomicrograph  of  the 
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Plate  XIII 
(continued) 

root  tip.  Figure  40  is  a  photomicro¬ 
graph  of  a  section  of  the  same  root, 
beginning  at  3.55  mm.  from  the  root 
apex.  The  epidermal  cells  are  large, 
and  evenly  arranged  in  long  rows. 

The  root  is  much  narrower  than  any  of 
the  other  roots. 


The  magnification  of  Photomicrographs  33  -  40  is  X95. 
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walls,  and  a  typical  root  cap  and  meristematic 
region  (Figures  41  and  42)  are  features  of  a 
pH  of  7.6  with  this  culture  solution.  The 
epidermal  cells  are  bulged  on  their  outer 
tangential  wall,  the  ends  do  not  meet  evenly 
and  there  are  few  papillae.  The  sections 
(Figures  43  and  44)  from  the  culture  solution, 
buffered  at  pH  9.4  are  comparable  to  well 
“formed  root  sections  and  show  no  signs  of 
calcium  deficiency.  The  cells  of  the  root 
cap  and  meristematic  region  of  Figure  43  are 
compact,  less  vacuolated  and  have  straighter 
walls  than  those  of  Figure  41.  The  straight 
epidermal  cell  walls  with  well-formed  papillae 
and  brick-like  appearance  of  the  cortex  (Fig. 
44)  are  signs  of  sufficient  calcification. 

3.  Series  of  Boric  Acid 

The  greater  calcification  of  the  mustard  root 
grown  in  the  culture  solution  without  any  boric 
acid  is  evident  by  the  smaller,  more  regular 
cells  with  very  straight  cell  walls  (Fig.  46) . 
The  roots  grown  in  a  culture  solution  with 
0.2  xlO”^^M  boric  acid  (Fig.  48)  on  the  con¬ 
trary,  has  irregular  cells  with  thin  undulated 
walls.  The  epidermis  is  very  poorly  outlined. 

The  cracked  epidermis  and  the  small  uniformly 
arranged  cells  of  the  cortex  of  the  corn  root 
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Plate  XIV 


All  of  the  photomicrographs  are  longitudinal  sections 
of  white  mustard  roots  cultured  in  saturated  CaS04  solutions 
with  different  concentrations  of  tris  buffer  (pH) .  Each 
pair  of  photomicrographs  at  the  one  level  on  the  plate  are 
from  the  same  root.  (X95) . 

FIGURES  41  and  42  Photomicrographs  of  a  longitudinal 

section  of  a  white  mustard  root  grown 
in  a  culture  solution  with  a  tris 
buffer  of  pH  7.6.  Figure  41  is  of  the 
root  tip.  Figure  42  is  a  segment  of 
the  non-calcif ied  root,  beginning  at 
2,05  mm's  from  the  root  apex. 

FIGURES  43  and  44  Photomicrographs  of  a  longitudinal 

section  of  a  white  mustard  root  grown 
in  a  culture  solution  with  a  tris 
buffer  of  pH  9.4.  Figure  43  is  a 
photomicrograph  of  the  root  tip. 

Figure  44  is  a  photomicrograph  of  a 
calcified  root,  beginning  at  2.14  mm's 
from  the  root  apex.  The  cells  are 
brick-like  and  papillae  are  formed. 
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Plate  XV 

Photomicrographs  (Figures  45  -  48)  are  longitudinal 
sections  of  white  mustard  grown  in  10"^  CaS04  solutions  with 
different  concentrations  of  boric  acid. 

FIGURES  45  and  46  Photomicrographs  of  roots  grown  in  a 

culture  solution  with  no  boric  acid. 
Figure  45  is  a  photomicrograph  of  the 
root  tip.  Figure  46  is  a  photomicro¬ 
graph  of  a  root,  beginning  at  4.97  mm's 
from  the  root  apex,  showing  character¬ 
istics  of  calcified  walls. 

FIGURES  47  and  48  Photomicrographs  of  roots  grown  in  a 

culture  solution  with  0.2  x  10“^*^M 
boric  acid  added.  Figure  47  is  a  photo¬ 
micrograph  of  the  root  tip.  Figure  48 
is  a  photomicrograph  of  a  root,  begin¬ 
ning  at  4.62  mm's  from  the  root  apex 
showing  signs  of  calcium  deficiency. 

FIGURES  49  and  50  Photomicrographs  of  a  corn  root  grown  in 

a  culture  solution  with  no  boric  acid. 
Figure  49  is  a  photomicrograph  of  a 
root  tip.  Figure  50  is  a  photomicro- 
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Plate  XV 
(continued) 

graph  of  a  root,  beginning  at  6.8  mm. 
from  the  root  apex  showing  strong 
calcification  of  the  walls. 

FIGURES  51  and  52  Photomicrographs  of  a  corn  root  grown 

in  a  culture  solution  with  0.2  x  10”^^M 
boric  acid  added.  Figure  51  is  a 
photomicrograph  of  the  root  tip. 

Figure  52  is  a  photomicrograph  of  a 
root,  beginning  at  5.25  mm.  from  the 
root  apex  showing  only  slight  calci¬ 
fication  of  the  walls. 


The  magnification  of  Photomicrographs  45  -  52  is  X95. 
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(Fig.  50)  grown  in  a  culture  solution  without 
boric  acid  is  also  characteristic  of  over 
-calcification.  The  corn  root  grown  in  0.2  x 
10"^ boric  acid  (Fig.  52)  with  its  larger 
cells,  less  prominent  walls,  and  more  un¬ 
dulated  end  walls  of  the  cortical  cells  is 
characteristic  of  a  slightly  less  calcified 
root. 

III.  Translocation  and  Distribution  Studies  Using  the 
Geiger  Mueller  Counter 

Figure  53  records  the  results  obtained  from  assay¬ 
ing  a  corn  root  which  was  treated  by  the  root-tip 
immersion  method  and  cut  into  3  millimeter  lengths. 

The  radioactivity  increases  progressively  from  the 
root-cap  region  where  it  is  almost  negligible  to 
section  8  (24  mm.  from  the  root  apex)  of  the  primary 
root.  The  remaining  9  mm.  of  the  corn  root  has  a 
diminishing  amount  of  radiation.  The  reduction  in 
radiation  continues  on  from  the  root  through  the 
transition  zone  to  the  shoot  apex. 

Five  mustard  roots,  also  treated  by  the  root-tip 
immersion  method  and  cut  into  1  millimeter  lengths, 
show  similar  results  to  those  of  the  corn  roots  (Figure 
54) .  Radiation  progressively  increases  from  the  root 
cap  to  11  mm.  from  the  root  apex  which  is  almost  at  the 
end  of  the  root  hair  region.  The  hypocotyl  has  pro- 
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FIGURE  53  Radiation  of  Ca*^^  in  counts  per  minute  per 

milligram  of  3  millimeter  serial  sections 
from  the  root  apex  through  to  the  shoot  apex 
of  a  corn  seedling.  The  root  was  treated  by 
the  root- tip  immersion  method.  Sections  1 
to  11  are  of  the  primary  root.  Sections  12 
and  13  are  of  the  transition  region. 

Sections  14  to  17  are  of  the  shoot. 


Section  of  Seedling 
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FIGURE 


54  Radiation  of  Ca^^^  in  counts  per  minute  per 

milligram  of  1  millimeter  serial  sections 
of  5  seedlings  of  white  mustard.  Seedlings 
were  sectioned  from  the  root  apex  through 
to  the  first  foliage  leaves.  The  root  was 
treated  with  Ca^^Cl2  by  the  root-tip 
immersion  method.  Sections  1  to  15  are  of 
the  root.  The  root-hair  region  terminated 
at  13  millimeters.  Sections  16  to  23  are 
of  the  hypocotyl.  Section  24  is  of  the 
leaves . 
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gressively  diminishing  amounts  of  radiation  up  to  21 
mm.  from  the  root  apex.  The  last  2  mm.  of  the  hypo- 
cotyl  have  rapidly  increasing  amounts  of  radioactivity. 
The  leaves  are  observed  to  be  the  most  radioactive 
portion  of  the  seedling  per  unit  weight. 

Calcium  introduced  into  a  hole  bored  in  the  endo¬ 
sperm  (Figure  55)  shows  very  little  downward  trans¬ 
location.  The  two  sections  of  the  transition  zone 
and  one  section  in  each  of  the  adjacent  primary  root 
and  the  epicotyl  have  weak  radiation  (below  2100 
counts  per  minute  per  milligram).  There  is,  however, 
a  very  constant  trend  of  slight  increase  of  radiation 
from  the  base  of  the  primary  root  to  the  root  apex. 

Boric  acid  (0.2  x  10”^M)  added  to  the  Ca^^  introduced 
into  a  hole  bored  in  the  endosperm  allows  considerably 
more  downward  translocation  (Figure  56)  than  if  boric 
acid  is  not  added  to  the  Ca^^  (Figure  55) .  The  radi¬ 
ation  at  the  transition  zone  of  the  corn  seedling  with 
boric  acid  introduced  is  lower  than  it  is  in  the  seed¬ 
ling  without  boric  acid  introduced,  however  the  Ca^^ 
has  translocated  a  considerably  greater  distance  on 
each  side  of  the  transition  zone  than  in  the  former 
experiment . 

Mustard  roots  labelled  with  Ca^^  by  the  root-tip 
immersion  method,  sectioned  into  regions,  and  where 
possible  the  stele  separated  from  the  cortex,  showed 
that  the  meristematic  region  is  only  slightly  radio- 


63 


FIGURE  55  Radiation  of  Ca^^  in  counts  per  minute  per 

milligram  of  3  millimeter  serial  sections 
from  the  root  apex  through  to  the  shoot  apex 
of  a  corn  seedling.  The  root  was  treated  by- 
introducing  Ca‘^^Cl2  into  a  hole  bored  into 
the  endosperm  of  the  seed.  The  seedling  was 
grown  on  moist  filter  paper.  Sections  1  to 
23  are  of  the  root.  Sections  24  and  25  are 
of  the  transition  zone  between  the  root  and 
shoot.  Sections  26  to  30  are  of  the  shoot. 
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FIGURE  56  Radiation  of  Ca^^  in  counts  per  minute  per 

milligram  of  3  millimeter  serial  sections 
from  the  root  apex  through  to  the  shoot  apex 
of  a  corn  seedling.  The  root  was  treated  by 
introducing  Ca^^Cl2  and  0 . 2  x  10”^M  boric 
acid  into  a  hole  bored  into  the  endosperm  of 
the  seed.  Sections  1  to  20  are  of  the 
primary  root.  Sections  21  to  42  are  of  the 
shoot . 
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active  (Figure  57) .  The  cortex  of  the  mature  root 
region  has  little  radioactivity  while  the  stele  of 
the  same  region  is  very  active.  In  the  hypocotyl , 
the  cortical  region  is  much  less  radioactive.  The 
leaves  are  only  slightly  radioactive. 

The  corn  root  sectioned  as  indicated  by  Figure 
58  had  very  little  radioactivity  in  the  root  or  the 
coleoptile  of  the  epicotyl.  In  the  stele  of  this 
root,  the  radiation  is  even  less  than  in  the  cortex 
which  is  opposite  to  the  result  obtained  with  mustard. 
The  primary  leaves  in  corn  had  the  largest  amount  of 
radiation  per  unit  weight  of  all  the  pieces  in  this 
seedling . 


66 


FIGURE  57  Radiation  of  Ca^^  in  counts  per  minute  per 

milligram  of  five  mustard  seedling  pieces 
as  indicated  below.  The  root  was  treated 
with  Ca'^^Cl2  by  the  root-tip  immersion 
method. 


Piece  1:  Root  cap,  meristematic  and 
elongation  region.  Average 
length  of  piece  is  1.7  mm. 
Piece  2:  Cortex  of  the  hair  region. 

Average  length  of  piece  is 
12 . 2  mm. 


Piece  3: 


Piece  4 : 


Piece  5: 


Piece  6: 


Stele  of  the  hair  region. 
Average  length  is  12.2  mm. 
Cortex  of  the  hypocotyl. 
Average  length  is  10.4  mm. 
Stele  of  the  hypocotyl. 
Average  length  is  10.4  mm. 
Primary  foliage  leaves. 
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FIGURE  58  Radiation  of  Ca^^  in  counts  per  minute  per 

milligram  of  corn  seedling  pieces  as  indi¬ 
cated  below.  The  root  was  treated  with 
Ca'^^Cl2  by  the  root-tip  immersion  method. 


Piece  1: 
Piece  2: 

Piece  3: 

Piece  4: 

Piece  5: 


Root  cap. 

Meristematic  and  elongation 
region. 

Cortex  of  the  differentiation 
and  hair  region. 

Stele  of  the  differentiation  and 
hair  region. 

Coleoptile  of  the  shoot. 

Primary  leaves  of  the  shoot. 
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DISCUSSION 

I.  Epidermal  Cell-wall  and  Root-hair  Studies 

"There  is  general  agreement  that  root  hairs  result 
from  retardation  in  vertical  elongation  of  root  epidermal 
cells  and  that  they  are  produced  by  internal  pressure  on 
weaker  portions  of  an  unequally  stiffened  cell  wall" 
(Cormack,  1962).  Controversy,  however,  has  arisen  over 
the  cause  for  differences  in  cell-wall  composition  which 
could  account  for  the  beginning  of  a  hair  and  for  apical 
growth  of  the  hair  itself. 

Several  writers  (Roberts,  1916;  McCoy,  1932;  Farr, 
1925,  1927,  1928;  Cormack,  1935,  1944,  1945,  1949,  1954, 
1955,  1956,  1959a,  1959b,  1961;  Bennet-Clark ,  1961; 
Cleland  and  Bonner,  1956;  Cooil  and  Bonner,  1957;  Ordin, 
Cleland  and  Bonner,  1957;  Tagawa  and  Bonner,  1957; 

Deuel  and  Stutz,  1958;  McClendon  and  Somers,  1960; 
Weintraub  and  Ragetli,  1961;  Zaitlin  and  Coltrin,  1964) 
believe  that  the  stiffening  process  is  controlled  in 
part  by  the  gradual  incorporation  of  calcium  into  the 
pectic  materials  of  elongating  epidermal  cells 
and  that  the  capacity  to  form  hairs  is  dependent  upon 
the  rate  at  which  this  incorporation  occurs.  Other 
writers  (Ekdahl,  1953,  1957;  Belford  and  Preston,  1961) 
question  the  presence  of  bound  calcium  in  the  epi¬ 
dermal  and  root-hair  walls.  These  writers  are  skeptical 
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concerning  the  stiffening  of  the  growing  cell  wall  by 
calcification  and  hold  the  view  that  the  stiffening  pro¬ 
cess  is  due  entirely  to  changes  in  the  cellulose  compon¬ 
ent  of  the  epidermal  and  root-hair  cell  walls. 

Although  calcification  may  not  be  the  only  process 
involved  in  the  development  of  root  hairs,  the  change 
of  pectic  materials  to  calcium  pectate  is  known  to  occur 
in  the  walls  of  growing  cells.  According  to  Tupper-Carey 
and  Priestley  (1923) ,  the  pectic  materials  change  from  a 
protein-pectin  complex  in  the  walls  of  root  meristematic 
cells  to  pectic  acid  in  the  walls  of  actively  elongating 
cells  and  to  calcium  pectate  in  the  walls  of  mature  cells. 

The  observations  of  the  present  investigator  not  only 
confirm  the  earlier  observations  of  Roberts  (1916)  and 
Comack  (1935)  as  to  the  presence  of  calcium  in  the  epi- 
demal  and  root-hair  cell  walls,  but  show  that  it  occurs 
in  the  outer  pectic  layer  of  the  wall  quite  distinct  from 
the  inner  cellulose  layer.  Moreover,  they  are  in  exact 
agreement  with  the  observations  obtained  in  the  earlier 
work  with  radioactive  calcium  (Comack,  Lemay  and  Maclach- 
lan,  1962) .  However,  because  of  refinements  in  earlier 
technique,  it  has  been  possible  in  the  present  investi¬ 
gation  to  study  the  actual  calcification  process  in  more 
detail.  Furthemore,  due  to  more  careful  washing  methods 
of  root  material  following  treatment  with  Ca^^,  the 
possibility  that  radioactivity  demonstrated  in  the  radio- 
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autographs  could  be  due  to  the  presence  of  calcium"^  ^ 
other  than  that  incorporated  in  the  cell  wall  and  cyto¬ 
plasm,  could  be  definitely  ruled  out. 

The  calcification  process  as  studied  in  the  present 
investigation  by  means  of  radioautographs  may  be  out¬ 
lined  as  follows.  The  first  indication  of  the  incor¬ 
poration  of  calcium^ ^  into  the  elongating  epidermal  cell 
walls  occurs  in  the  region  of  the  first-formed  papillae. 

At  the  time  of  papillae  formation,  the  transverse  walls 
of  an  epidermal  cell  are  already  calcified.  From  here 
calcification  progresses  along  the  outer  tangential  wall 
but  more  rapidly  along  the  basal  portion  of  this  wall 
than  along  the  apical  portion.  Since  calcium  is  believed 
to  strengthen  the  growing  cell  wall,  then  the  apical  end 
of  the  cell  which  is  least  calcified  would  be  the  weakest. 
It  is  here  that  a  papillae  invariably  pushes  out  (Roberts, 
1916;  Cormack,  1935,  1949).  Furthermore,  differences  in 
the  degree  of  calcification  could  account  for  differences 
in  the  rate  of  growth  at  the  opposite  ends  of  a  papillae 
-forming  cell.  For  instance,  by  the  time  the  outer  wall 
has  been  pushed  out  to  form  a  papilla,  the  more  strongly 
calcified  basal  end  of  the  cell  has  stopped  growing 
while  the  less  calcified  apical  end  continues  to  grow. 

By  the  time  the  papilla  has  grown  into  a  short  hair,  the 
wall  is  uniformly  calcified  and  vertical  elongation  of 
the  hair-forming  cell  is  arrested. 
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Evidence  obtained  in  the  present  study  shows  that 
the  same  process  of  calcification  that  occurs  in  the 
middle  lamella  of  an  elongating  hair-forming  cell  con¬ 
tinues  to  occur  uninterrupted  behind  the  advancing  tip 
of  an  actively- growing  hair.  The  author  believes  that 
galacturonic  acid  which  is  the  basis  of  pectin  formation, 
is  excreted  at  the  tip  of  the  hair,  and  that  the  changes 
to  calcium  pectate  occur  just  back  from  the  growing  hair 
tip . 

When  roots  are  grown  in  a  strong  calcium'^  ^  solution, 
the  hairs  are  stunted  and  show  a  heavy  deposit  of  Ca*^^ 
over  the  entire  dome  of  the  root-hair  tip.  When  these 
roots  are  transferred  to  a  hypotonic  solution,  the  hairs 
frequently  burst  at  the  tips.  The  bursting  of  the  hairs 
at  the  tip  under  these  conditions  suggests  that  calcium^ ^ 
is  not  bound  in  the  root-tip  wall  as  calcium  pectate 
but  exists  in  combination  with  substances  other  than 
pectic  materials.  (Possibly  a  protein-pectin  complex 
similar  to  that  described  by  Tupper-Carey  and  Priestley) , 

By  means  of  refinements  in  technique  it  was  possible 
to  show  in  the  present  study  that  calcium‘s  ^  is  present 
in  relatively  large  amounts  in  the  cytoplasm  some  time 
before  it  appears  in  the  epidermal  cell  walls  as  incor¬ 
porated  calcium‘s  Calcium‘s  ^  was  detected  along  the 
plasma  membranes  as  well  as  along  the  endoplasmic  reticu¬ 
lum  and  around  the  nucleus  during  the  early  stages  of 
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papilla  formation  and  in  the  tips  of  actively  growing 
hairs.  This  observation  supports  the  view  of  Burstrom, 
1954;  Bennet-Clark ,  1955;  and  Marinos,  1962;  that 

calcium  is  associated  with  the  general  metabolism  of 
the  cell  and  with  the  semi-pemeability  (Von  Guttenberg , 

If 

1951;  Hofler,  1951)  of  the  cytoplasmic  membranes. 

The  main  objection  of  Ekdahl,  Belford  and  Preston 
to  the  calcification  theory  of  root-hair  development  is 
that  seedling  roots  of  most  plants  produce  abundant  root 
hairs  in  moist  air  in  the  absence  of  any  external  calcium 
supply.  That  little  calcium  is  necessary  for  the 
initiation  of  root  hairs  seems  probable  from  results 
of  the  present  study.  Even  in  roots  grown  in  contact 
with  filter  paper  soaked  with  a  calcium^ ^  solution,  the 
epidermal  cell  walls  are  only  slightly  calcified  at  the 
time  of  root-hair  protuberance.  In  the  case  of  roots 
grown  in  moist  air  but  primarily  geminated  in  Ca^^ 
solution,  the  root  hairs  show  almost  no  presence  of 
calcium^ ^  while  the  roots  themselves  are  delicate  and 
short-lived.  It  is  known  (Ordin,  Cleland  and  Bonner, 
1957)  that  in  the  absence  of  calcium  the  pectic  acid  is 
methylated  to  pectin. 

The  theory  that  gradual  calcification  is  essential 
for  the  initiation  of  root  hairs  and  for  the  normal 
growth  of  the  hairs  themselves  has  been  greatly 
strengthened  by  the  results  of  the  present  investigation. 
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The  experiments  with  calcium‘s  ^  can  definitely  show  at 
what  stage  of  epidermal  cell  development  calcium 
becomes  incorporated  into  the  cell  walls,  that  it  in¬ 
creases  gradually  in  amount  during  the  formation  of  a 
papilla  and  increases  further  during  the  growth  of  a 
papilla  into  a  hair. 

II.  Translocation  and  Distribution  Studies  of  Calcium 

The  experiments  with  calcium^ ^  introduced  into  the 
seed  show  that  calcium  is  readily  translocated  from  the 
root  to  the  shoot.  These  results  are  in  agreement  with 
the  conclusions  of  Crafts,  1949;  and  Bukovac  and  Wittwer, 
1957.  Ca^^  introduced  through  the  cotyledons  of  mustard 
seeds  is  observed  to  have  slight  translocation,  but  when 
introduced  into  the  endosperm  of  corn,  translocation  was 
not  detected.  This  difference  in  ability  to  translocate 
calcium  was  attributed  to  the  deficiency  of  boron  in  the 
corn  seed.  To  test  the  validity  of  this  assumption, 
boric  acid  was  introduced  with  Ca^^  into  a  hole  bored 
in  the  endosperm  of  the  corn  seed.  Under  this  condition, 
small  amounts  of  Ca^^  was  translocated  down  the  root  and 
up  the  shoot.  Although  a  functional  relationship  between 
calcium  and  boron  has  been  established,  the  mechanism  of 
this  relationship  is  not  clearly  understood  (Smith,  1944; 
Shive ,  1945;  Marinos,  1962;  Brewbacker  and  Kwack,  1963). 

The  results  of  experiments  with  corn  and  mustard 
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seedlings  grown  with  only  the  root  tip,  root  hairs,  and 
the  seed  in  contact  with  the  Ca^^  moistened  filter  paper, 
show  that  calcium^ ^  translocates  through  the  root  hair, 
through  the  epidermal  cells  and  across  the  cortical 
cells  in  a  narrow  radial  band  to  the  nearest  xylem 
elements.  Calcium  translocation  through  the  cortex  is 
not  diffuse  but  rather  it  is  confined  to  a  narrow  path¬ 
way  . 

In  mustard  roots,  calcium^ ^  was  shown  to  accumulate 
at  the  base  of  a  hair-forming  cell,  in  several  adjacent 
cortical  cells  and  in  the  large  intercellular  spaces. 

The  accumulation  of  calcium  at  the  epidermal  hair-forming 

ft 

cell  is  in  agreement  with  Hylmo,  1953;  and  Skelding  and 
Rees,  1952;  who  have  found  that  in  phase  two  of  salt 
transport  there  is  an  accumulation  of  salts  in  the 
vacuole  which  is  metabolically  maintained.  The  author 
concludes  that  the  accumulation  of  calcium‘s  ^  in  the 
outer  cortical  region  opposite  actively  growing  hairs 
facilitates  downward  translocation  in  the  intercellular 
spaces  to  the  root  apex.  The  belief  that  the  calcium 
translocates  down  the  root  through  the  intercellular 
spaces  was  largely  concluded  from  the  observation  that 
calcium‘s  ^  is  heavily  concentrated  in  the  intercellular 
spaces  at  the  level  of  the  root  immediately  below  the 
root-hair  region,  and  diminishes  gradually  from  this 
point  downwards  to  the  root  apex.  Non-calcif ied  root 
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caps  and  the  observation  that  calcium'^  ^  accumulates  in 
the  intercellular  spaces,  strengthens  the  view  (Kramer, 
1945)  that  calcium‘s  ^  enters  the  root  through  the  root 
hairs  and  not  through  the  root  tip. 

According  to  the  experiments  of  Sorokin,  1958,  and 
Peterson,  1964,  the  intercellular  spaces  in  the  region 
of  elongation  contain  a  highly  complex  substance  referred 
to  as  the  "intercellular  tubular  matter",  while  in  the 
region  of  mature  root  hairs  the  spaces  are  empty.  The 
presence  or  absence  of  calcium^ ^  in  the  intercellular 
spaces  at  different  levels  of  the  seedling  root  could  be 
related  to  the  presence  or  absence  of  the  intercellular 
tubular  matter. 

That  calcium  necessary  for  cell  wall  formation  trans¬ 
locates  from  the  intercellular  spaces  to  the  short  epi¬ 
dermal  cells  was  postulated  by  Cormack,  1948.  Experiments 
with  radioactive  leucine  by  Cormack  and  Lemay  in  1963 
have  definitely  shown  that  substances  translocate  through 
the  spaces.  The  results  of  the  present  investigation 
confirm  that  Ca^^  translocates  through  the  spaces  to  the 
short  cells.  Ca^^  is  observed  to  be  much  more  concen¬ 
trated  in  the  hair-forming  short  cells  than  in  the  hair¬ 
less  long  cells.  The  difference  in  the  amount  of  accumu¬ 
lated  calcium^ ^  between  the  short  and  the  long  epidermal 
cells  may  be  attributed  to  differences  in  the  position 
of  these  cells  to  radiating  rows  of  intercellular  spaces 
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and  to  differences  in  acidity  of  the  cell  sap. 

The  results  of  experiments  with  seedlings  labelled 
by  the  root-tip  immersion  method  confirm  the  conclusions 
of  Von  Guttenberg,  1943;  and  Kramer,  1945;  that  calcium 
is  absorbed  over  the  whole  surface  of  the  actively 
growing  root  except  in  the  region  covered  by  the  root 
cap . 
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